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ABSTRACT 

STRUCTURAL EFFECTS ON THE CIRCULAR DICHROISH 

OF ETHIDIUM-NUCLEIC ACID COMPLEXES 

by 

Kenneth Steven Dahl 

Binding of the frameshift mutagen ethidium bromide to dinucleoside 

phosphates (dimers) of different base sequences was studied by optical 

methods, notably UV-visible spectroscopy, circular dichroism (CD), and 

fluorescence detected circular dichroism (FDCD). The ethidium ion in

tercalated between the base pairs of the minihelix formed by the com

plementary dimers; the stoichiometry of the complex was 2:1 dimer:dye. 

Equilibrium constants for complex formation showed a general prefer

ence for dye binding to complementary sequences in the order: 

Py(3'-5' )Pu > Pu(3'-5' )Pu :: Py(3'-5' )Py > Pu(3'-5' )Py 

where Py = a pyrimidine base and Pu = a purine base. Complexes with 

ribodinucleoside phosphates had larger formation constants than their 

deoxyribo- analogues. Above 300 nm, where only the dye absorbs, the 

induced CD spectra of the complexes had bands at 375 nm, 330 nm, and 

near 307 nm. The magnitude of the 307 nm band per bound dye depended 

upon the base sequence in the dimers. The CD spectra of these com

plexes down to 220 nm were obtained by FDCD measurements; between 220 

and 300 nm both positions and magnitudes of the CD bands were sequence 

dependent. A study of ethidium ion binding to dCA5G + dCT5G tested 

for any site preference of dye binding and for any correspondence be-

This manuscript was printed from originals provided by the author, 
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tv,;een the dimer:dye FDCD spectra and ol igomer:dye FDCD spectra. 

Ethidium ion binding and optical activity in complexes with calf 

thymus DNAwere studied as a function of NaCl concentration. The bind-

ing constant was dependent upon salt concentration, increasing as the 

ionic strength decreased. The magnitude of the induced CD band at 307 

nm also increased as the ionic strength decreased. Possible mechan

isms for this behavior and the previously observed (Houssier et al. 

(1974) Biopolymers 13, 1141-1160) induced CD dependence upon the dye 

binding ratio were presented. The available evidence favored a mech

anism which considered the effects of the complete nucleic acid/bound 

dye/counterion system on the optical properties of the dye. 

r, 

b 



"Dr. Hoenikker used to say that any scientist who couldn't 

explain to an eight-year-old what he ulas doing was a charlatan." 

"Then I'm dwrber than an eight-year-old .. .I don't even know 

what a charlatan is. " 

Kurt Vonnegut, Jr. 

Cat' s Cradle 
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1. Background 

Chapter I 

INTRODUCTION 

One of the more fascinating areas of scientific inquiry over the 

past thirty-five years has been focused on the structure and function 

of the nucleic acids: deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA). After the publication of the right-handed double helix 

structure for DNA by Watson and Crick (1953), studies in succeeding 

years gradually revealed the processes by which the genetic message 

is preserved from generation to generation through replication of DNA 

and how the message is transcribed and translated via RNA intermed

iates into proteins (for reviews, see Watson, 1976; Kornberg, 1980). 

In light of the known mutagenic and carcinogenic properties of 

certain molecules, among them, polycyclic and heterocyclic aromatics, 

studies aimed at uncovering their means of producing changes in the 

genetic message were undertaken. r,1odels specifying how these mole

cules interacted with nucleic acids were proposed, among them, the 

intercalation model of Lerman (1961). As shown schematically in 

Figure 1.1, the aromatic dye molecules, which are similar in thick

ness to the base pairs of the double-stranded nucleic acid, slip into 

the helix between adjacent base pairs, both lengthening the helix and 

distorting the regularity of the backbone by unwinding the helix 

(\~aring, 1970). Many of these same intercalators were found to be 

frameshifters, that is, they somehow caused either an insertion or a 

deletion of bases in the genome during replication. One model for 

this process (Streisinger et al ., 1966) proposed that the intercalat-



Figure 1 .l. Schematic representation of the double helix of 

DNA. Left: DNA in the B form with the base pairs perpendic~ 

ular to the helix axis. Right: B form DNA bound with in

tercalating dye molecules. 
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ing drugs stabilized intermediate looped structures (Figure 1 .2) that 

may form during DNA replication, resulting in a new strand with bases 

inserted or deleted. One widely studied frameshift mutagen is ethid

ium bromide (Figure 1.3). It shows frameshifting activity in the 

Ames. test (McCann et al., 1975) and intercalates into both DNA (LePecq 

& Paoletti, 1967) and double-stranded RNA (Douthart et al., 1973). 

Among the features which make ethidium bromide popular for intercala

tion studies are solubility in water, a low tendency to self-aggre

gate (Reinhardt & Krugh, 1978), an absorption shift in the visible 

spectrum upon binding to nucleic acids (Waring, 1965), a marked flu

orescence intensity increase upon binding (LePecq & Paoletti, 1967), 

and acquisition of an induced optical activity when bound in nucleic 

acids (Aktipis & Martz, 1970). These spectroscopic features of the 

dye were not only seen upon binding to polymers, but were also pre

sent when it bound to complementary nucleic acid fragments as small as 

two base pairs long (Krugh & Reinhardt, 1975; Krugh et al., 1975; 

Reinhardt & Krugh, 1978). Sobe11 and co-workers (Tsai et al., 1977; 

Jain et al ., 1977) were even able to obtain refined crystal struc

tures at atomic resolution of ethidium ion complexes with 5-iodoUpA 

and 5-iodoCpG. 

The induced CD spectrum with the dinucleoside mono- and di

phosphates, together with nuclear magnetic resonance chemical shifts 

of the dye protons, led to the conclusion that an ethidium ion was 

intercalated between the two base pairs of the minihelix in the com

plexes (Krugh & Reinhardt, 1975; Krugh et al., 1975). The structures 

obtained from the X-ray data confirmed that the phenanthridinium ring 

4 
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Figure l .2. The Streisinger model of frameshift mutagenesis. 
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Figure 1.3. Structure 6f ethidium bromide, a frameshift 

mutagen. 
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of a dye molecule was stacked between the base pairs in each minihe-

lix; in addition, a second dye was stacked outside of one base pair. 

In the solid state the dimer:dye stoichiometry thus \vas 2:2. On the 

other hand, all evidence pointed to a 2:1 dinur.leoside phosphate:dye 

complex in solution as long as an excess amount of dinucleoside phos

phate relative to ethidium ion was maintained (Krugh & Reinhardt, 

1975). 

From an optical spectroscopist 1 s point of view, perhaps the most 

interesting of the above observations is the induced optical activity 

above 300 nm acquired by the ethidium ion (EI) when bound in nucleic 

acids. In Figure 1.4, characteristic circular dichroism (CD) bands at 

307, 330, and 375 nm are shovm for the calf thymus DNA:EI complex; an 

additional negative band corresponding to the visible absorption band 

of the dye is found at 510 nm. The magnitude of AE per bound ethidium 

ion in DNA at 307 and 330 nm strongly depends upon the ratio of bound 

dye to phosphate and increases as dye bound/phosphate (r) increases. 

This is charted for the 307 nm band in Figure 1 .5 with data taken from 

several studies of the phenomenon (Dalgleish et al., 1971; Aktipis & 

Kindelis, 1973). This curve was reproducible, within error, for bind

ing to nucleic acids of different base contents (Dalgleish et al ., 

1971; Aktipis & Martz, 1974; Williams & Seligy, 1974) and for dye 

binding through a wide range of added monovalent counterion concentra

tions (Aktipis & Kinde1is, 1973; Houssier et al., 1974). Increases in 

A. max · th · · d b · d · 1 f th · d · · · AEbound \</1 1ncreas1ng ye 1n 1ng v;ere a so seen or e 1 1um 1on 

binding to calf thymus DNA that had been denatured by heating andre

cooling (Aktipis et al., 1975) and for the binding of ethidium ion 

analogues to DNA (Kindelis & Aktipis, 1978). The behavior of the 

9 



Figure 1.4. Induced circular dichroism spectra for ethidium 

bound to CpG (X) and calf thymus DNA at binding ratios of 

0. 20 dye/phosphate (0) and 0.10 dye/phosphate (0). The 

molar CD (6E) is calculated per bound dye. The salt con

tent of the DNA solutions is -so rn/'1 NaCl. 
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Figure 1.5. Variation of the magnitude of the induced CD per 

bound dye at 307 nm with the extent of ethidium binding. 

The molar induced CD, ~€bound' is calculated on the basis of 

bound dye. The extent of binding, r, is defined as the moles 

of bound dye per mole of DNA residues (phosphate). Data 

were taken from Dalgleish et al. (1971) and Aktipis and co

workers (1973, 1974), and represent a synthesis of results 

in different· salt concentrations and nucleic acid sequences. 
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longest wavelength CD band at 510 nm was different: it remained rela-

tively constant with increasing binding ratios (Houssier et al., 

1974). 

Dalgleish and co-workers (1969), in a study of the induced op

tical activity for aminoacridine dyes bound to DNA, proposed qual

itative explanations for the variations of As~ound with binding 

ratio: 

Two possible explanations can be advanced. (1) The varia
tion is the result of interaction between bound ligands, which 
naturally increases as the number of molecules in a given in
teracting group increases ... 

(2) The progressive binding of ligand molecules alters con
tinuously the shape of the macromolecule, so that the environ
ment of any bound ligand is determined by the number of bound 
ligands in its vicinity ... 

Mechanisms (five in all) in terms of the electronic properties of the 

dye and helix for the induced CD of the aminoacridines in DNA were 

presented by Jackson and Mason (1971 ). These mechanisms, together 

with the general picture presented by Dalgleish et al. (1969), were 

applied to the problem of the induced CD of ethidium ion bound in DNA. 

For the band at 510 nm, the asymmetry of the intercalation site in the 

macromolecule alone was advanced as the reason for the induced optical 

activity; such an interaction vtoul d remain unchanged as the extent of 

dye binding increased (Aktipis & Kindel is, 1973; Houssier et al., 

1974). The behavior of the near UV band at 307 nm was attributed to 

two distinct mechanisms based on the general presentation of Dal-

gleish et al. (1969). The first held that at low binding ratios the 

induced CD per bound dye was due to the asymmetry of the binding site 

and thus was low. As more dye molecules intercalated in the DNA, di-

rect interaction betv1een transitions on two or more adjacently bound 

14 



(assuming neighbor exclusion) dye molecules gave rise to increasing 

magnitudes of the CD band. These interactions could either be between 

different transitions on the ligands (non-degenerate excitons) or the 

same transitions on the ligands (degenerate exr.itons); the latter were 

given greater credence because a second, roughly equal, negative CD 

band at 290 nm was seen under certain conditions (Aktipis & Kindelis, 

1973; Houssier et al., 1974; Williams & Seligy, 1974). A second mech-

anism for the 307 nm band behavior was based upon symrnetry arguments 

and attributed the induced CD in the dye to the static asymmetric per

turbing field of the rest of the complex (Lee et al., 1973). In this 

mechanism, increased ethidium ion intercalation would alter this per

turbing field and, in this case, the change in this field would in

crease the induced CD magnitude per bound dye. 

The leveling off of the ~c~~:nd vs. r curve at higher r values 

(r > 0.25) was attributed to saturation of the available intercala

tion sites under the neighbor exclusion model (Armstrong et al., 

1970; Bresloff & Crothers, 1975). In this model, intercalation of a 

dye molecule between two base pairs rendered the immediately adjacent 

sites unavailable for dye binding. Thus, the limit of dye intercala-

tion was at r = 0.25; any binding beyond this was 11 outside 11 binding 

due to electrostatic attractions between the charged dye and the DNA 

phosphates (Waring, 1965). Since only intercalated dye molecules ex

hibited an induced CD, the magnitude of these bands (307 and 330 nm) · 

leveled off near this limit ~nd then decreased since outside binding 

increased the amount of bound dye, but not the amount of intercalated 

dye (Houssier et al., 1974; Williams & Seligy, 1974). 

In a series of experiments designed to more fully characterize 

15 



the interaction bet\'Jeen the dinucleoside phosphates and the ethidium 

ion, Pardi (1980) obtained equilibrium constants and thermodynamic 

parameters which established the formation of the 2:1 complex in an 

excess of the self-complementary dimers CpG and dCpG. As had been 

done. previously, measurements of the induced CD per bound dye were 

made for these complexes (see Figure 1.4 for CpG complex). The 

striking feature of these spectra were the bands at 307 nm, which 

were comparable in magnitude to those for DNA that was saturated 

with ethidium ion (r "'0.25). This observation called into question 

the exciton mechanism proposed to explain the behavior of this band: 

if the greater magnitudes were simply due to a greater likelihood of 

dye-dye interactions at higher binding ratios in DNA, why should there 

be equally large magnitudes when no second dye molecule to interact 

with the intercalated drug was present in the dimer complex? Further 

work by Pardi uncovered a possible effect of salt concentration on 

this band: by lowering the salt concentration at a fixed binding 

ratio in DNA:EI complexes, ~E~~~nd increased. Quite possibly the 

second mechanism, which invoked the effects of the static field of the 

helix on the dye transitions, was responsible for the induced CO's 

binding dependence instead. 

2. Purpose and Scope of This Study 

We intend to examine more fUlly the possible mechanisms for the 

induced CD spectrum of ethidium ion bound in nucleic acids and also to 

account for variations in the spectrum as the extent of binding 

changes. \~e employ both old and new methods for studying this bind

ing. 

~~e begin by looking at the interaction of ethidium ion with di-

16 



nucleoside phosphates (loosely referred to here as dimers) of RNA and 

DNA (Figure 1.6), using sequences which are both self-complementary 

and non-self-complementary (see Figure l. 7 for the complementary Hat

son-Crick base pairs). vJe obtain equilibrium constants and thermody

namic parameters for the formation of 2:1 complexes, and also examine 

their induced CD spectra. We find evidence for some sequence depen

dence in the binding as well as sequence variations in both the ther

modynamic parameters and induced CD. These are all discussed in Chap-

ter II. 

In Chapter III we use a technique which relies on both the en

hanced fluorescence and induced optical activity of ethidium ion in 

the dimer:dye complexes to obtain their CD spectra down to 220 nm. 

This technique is fluorescence detected circular dichroism (FDCD), 

and the construction and operation of this instrument are also out-

lined in this chapter. One of the discoveries of Chapter III, the 

apparent sequence dependence of the FDCD spectra for the dimer:dye 

complexes, is used in Chapter IV to attempt to discern any binding 

site preference for ethidium ion in a longer sequence formed by the 

complementary heptamers dCA5G and dCT5G. 

The dependence of DNA:EI comp1exes 1 induced CD spectra upon 

counterion concentration is further investigated in Chapter V. Here 

we find an effect similar to that seen by Pardi (1980): l.ls~~~nd in

creases as the counterion concentration decreases, all other things 

being equal. \~e use polyelectrolyte theory (Manning, 1978) to pro-

pose an explanation for this effect. Finally, in Chapter VI, we con

sider mechanisms for the induced CD of ethidium ion and its dependence 

upon binding ratios. We propose a possible mechanism for this behav-

17 



ior in light of our new evidence and suggest further experiments to 

test its validity. 
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Figure 1 .6. Structure of a ribo- dinucleoside phosphate, CpG. 

Replacement of each 2' OH group by H results in the deoxy

ribo- dinucleoside phosphate, dCpG. 
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Figure 1.7. Watson-Crick complementary base pairs for DNA. 

Replacement of the CH 3 group of thymine by H results in 

uracil, its RNA analogue. 
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l. Introduction 

Chapter I I 

DINUCLEOSIDE PHOSPHATE - ETHIDIUM ION 

INTERACTIONS 

Several optical studies of the binding of ethidium ion (EI) to 

the dinucleoside mono- and di- phosphates have previously been done. 

In these studies, the sequences of the dimers were both self-comple

mentary and non-self-complementary (Krugh & Reinhardt, 1975) and both 

deoxyribo- and ribo- nucleosides were utilized (Krugh et al., 1975; 

Reinhardt & Krugh, 1978). Until the study of Pardi ( 1980), no quan-

titative conclusions had been reached on the strength of the binding, 

although pyrimidine (3'-5') purine sequences were known to bind the 

dye more readily than purine (3'-5') pyrimidine sequences. Further-

more, the complexes' stoichiometry \vas 2:1 dimer:dye when an excess 

of the dimer(s) was present (Krugh & Reinhardt, 1975; Reinhardt & 

Krugh, 1978). 

Pardi (1980) established the 2:1 stoichiometry of the dinucleo-

side phosphate:ethidium ion complex when the dye was present in an ex-

cess of the self-complementary dimer CpG and showed that aggregates of 

this complex did not form under his experimental conditions. Equi-

librium constants for the complexes of ethidium ion with CpG, dCpG, 

and UpA were obtained, as well as enthalpies and entropies of forma

tion for the first two dimers' complexes. In addition to these re-

sults, he also examined the induced circular dichroism of CpG:CpG:EI 

and found the magnitude of the CD band at 307 nm per bound dye 

307 (6Ebound) was as large (-22 L/mol-cm) as it was for DNA saturated 
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with ethidium ion (Aktipis & Kindelis, 1973). 

In this chapter we extend the quantitative binding study of 

ethidium ion with dimers to include five new base sequences, among 

them, non-self-complementary dimers. Our results are consistent with 

Pardi's conclusions and further bolster his contention that dye-dye 

interactions are not necessarily responsible for the increase in the 

307 nm CD band as the extent of binding increases. 

2. Experimenta 1· 

A) t1aterials 

Ethidium bromide was purchased from Sigma Chemical. The ribo

dinucleoside (3'-5') phosphates: CpG, UpA, CpA, UpG, ApA, UpU, ApG, 

CpU, ApU, and GpC, were purchased from Sigma. The deoxyribo- dinuc

leoside (3'-5') phosphates dCpG and dTpA were purchased from Collab

orative Research. All dimers except UpA and dTpA were used without 

further purification. UpA and dTpA displayed several bands under UV 

viewing of thin layer chromatograms developed in 70:30 v/v ethanol: 

l r~ ammoni urn acetate. Each d imer was spotted on ~lhatmann 3~ chrom

atography paper (previously developed in ethanol to remove any impur

ities) and developed in 80:20 v/v ethanol :water. The dimer bands were 

cut out, moistened with doubly distilled water, and eluted from the 

paper by analytical centrifugation. The fractions were pooled, fil

tered through a 0.45 w Millipore filter, frozen, and lyophilized. 

This procedure was repeated with the substitution of a 50:50 v/v 

ethanol :water solvent for the second development. Upon completion of 

the process, each dimer displayed only one band on a thin layer chro-

matogram. 

The buffer used in all cases was composed of 0.18 M NaCl, 8 mM 
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Na2HP0 4, 20 mt1 NaH/0 4, and 0.1 rnr·1 Na 2EDTA and had a measured pH of 

7. 0. 

B) Methods 

Ethidium bromide was dissolved in doubly distilled water, follow-

ed by freezing and ·lyophilization. This procedure was repeated twice. 

Stock solutions of this material were prepared with doubly distilled 

water and were kept cool and in the dark. Stock solutions of the di-

mers were prepared by dissolving each in doubly distilled water and 

were kept in the refrigerator. 

Concentrations were monitored optically using a Cary 118 spec-

trophotometer. The molar extinction coefficient of ethidium ion was 

taken as E480 5600 (Waring, 1965). The extinction coefficients for 

the ribo- dimers at pH 7 and 25°C were taken from \~JarshavJ (1966); the 

extinction coefficients for the deoxyribo- dimers at pH 7 were taken 

from P-L Biochemicals Reference Guide and Price List 105 (p. 27, 1977). 

The molar extinction coefficients on a per dimer basis were s 255 
19,800 for CpG, E259 24,600 for UpA, s 261 . 5 21,000 for CpA, E255 

20,000 for UpG, E257 .5 27,400 for ApA, E261 19,600 for UpU, E255 

25,000 for ApG, €265 16,200 for CpU, E260 24,000 for ApU, s 255 .5 

18,000 for GpC, E254 19,700 for dCpG, and s 260 20,800 for dTpA. 

Solutions containing variable amounts of the dimers and a con

stant dye concentration were diluted to a fixed volume with buffer. 

Ethidium ion concentrations were typically around 0.04 mM, while the 

total dimer concentration was in excess of this by 8-fold up to 250-

fold, depending upon the ease of complex formation. For complexes 

with the non-self-complementary dimers, roughly equal amounts (with

in l o~n of the two dimers v1ere added to each so 1 uti on. Complex for-
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mation was monitored by measuring the shift of the band in the visible 

spectrum (I,Jaring, "1965) and spectra were measured either on the Cary 

118 or a Gilford 250 spectrophotometer with scanning option. Spec

tra were digitized and stored for later use via interfaced Pet mini

comp.uters and soft\"vare partially provided by Mr. Jeff Nelson. Tem

peratures of the sample cells were maintained to± 0.4°C by an exter

nal bath (Neslab Instruments) on the Cary 118 and to± 0.1°C by a Gil

ford 2527 thermoelectric temperature programmer on the Gilford 250. 

All spectra were run in 1 em path length quartz micro cells (Preci

sion Cell s) . 

Binding studies were carried out at 0°C in all cases. Binding 

was also studied at 5 and 10°C for some dimers. The equilibrium con

stants at different temperatures were used to determine L'IH 0 and .6S 0 

for complex formation by van't Hoff plots of ln K vs. T-l. Addition

al points v1ere provided for some plots by performing optical melts on 

solutions with known dimer:dye ratios. The melting temperature of the 

complex, Tm' was defined as the midpoint of the transition and, at 

this point, half the available dye vtas bound in the complex and half 

was free in solution. 

Circular dichroism (CD) spectra of the complexes were run on a 

Cary 60 spectropolarimeter equipped with a Cary 6001 accessory. Cell 

temperature was maintained at 0°C (± 0.2°C) with a thermoelectrically 

cooled temperature jacket (Allen et al ., 1972) connected to a Halli

kainen Thermotrol. Quartz micro cells of 1.0 and 0.5 em were used. 

Solutions prepared for the binding studies were also used in the cir

cular dichroism study. A baseline spectrum on an equal amount of to

tal dimer was deducted from each spectrum. Spectra were digitized and 
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stored using a PDP 8/E minicomputer and the revised Super Spectrum 

soft\'lare (Appendix B). 

Mixing and instrumental errors in the determinations of the equi

librium constants and ~sb d were calculated with the propagation oun 
formulae in Bevington (1969). The estimated errors in pipetting and 

mixing v1ere -10%. Errors in the absorbance and CD spectra arose from 

baseline shifts and noise during measurement. The estimated errors 

for the spectra-were -2% of the chart's full scale value during a 

run. All analyses are discussed further in Appendix A. 

3. Results 

A) Optical Titrations 

The shift of the 480 nm absorption band of a fixed amount of 

ethidium ion mixed v1ith successively larger amounts of dTpA is shown 

in Figure 2.1. This shift is analogous to that seen when the dye 

binds to nucleic acids and can be used to determine the binding con

stant for the reaction if a stoichiometry is known or assumed. The 

greatest difference in absorbance between the dye with no dimer pre

sent and the same amount of dye in an excess of dimer occurs at 465 

nm, and data at this wavelength are used in all these calculations. 

v!riting the general reaction for two dimer molecules combining 

with one dye: 

NpNa + NpNb + EI t Complex ( l ) 

the equilibrium expression is 

K = (2) 
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Figure 2.1. Titration of 0.043 mM ethidium ion with increasing 

amounts of dTpA. Ce 11 1 ength is 1 em and the temperature is 

ooc. 
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where k = 1 if the dimers are non-self-complementary (NpNa t= NpNb) and 

k = 2 if the dimers are self-complementary (NpNa = ~ipNb). C~pN, 
a 

C~pNb' and c~ 1 are the total concentrations of dimer a, dimer b, and 

ethidium ion, respectively. CCplx is the equilibrium concentration of 

the complex. Analysis of the data was performed using the method of 

Benesi and Hildebrand (1949). For cell lengths of 1 em we can write 

(3) 

where A is the measured absorbance of the solution of dimer(s) plus 

dye, sfc~ 1 is the measured absorbance of the dye solution alone, and 

sf and sb are the molar extinction coefficients of the free and com

plexed dye, respectively. Substituting (3) into (2) and rearranging, 

we obtain the form 

1 
= 

l 
+ (4) 

which, by plotting the left-hand quantity vs. { [C~PNa- kCCplx] [C~pNb 

- kCCplx]}-l will yield both [sb- sf] and K from the slope and in

tercept if the data are linear. The equilibrium concentrations of the 

dimers were initially unknown, but as a first approximation we set 

CCplx at zero and used only the initial concentrations of each (which 

were larger than any amount of complex which may have formed). Ar

riving at K via (4), v1e then obtained CCplx via (2). Restarting the 

process with this value in (4), we iterated to convergence of thee-
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quil ibrium constant to \'iithin ns. Convergence typically occurred \vith

in four iterations (see Appendix A for the computer program used to 

perform this calculation). 

Benesi-Hildebrand plots for the formation of 2:1 dimer:dye com

plexes with ethidium ion and the dimers UpA; dTpA; CpA and UpG; ApA 

and UpU; ApG and CpU; and ApU are shown in Figures 2.2a- 2.2f. All 

plots exhibit good linear fits to the data, indicating the assumption 

of a 2:1 stoichiometry was valid. Table I 1 ists the equilibrium con

stants and [Eb - Ef] for each case, along with the results for the 

dimers CpG and dCpG from Pardi (1980). The data are grouped in re-

1 ated general sequences, i.e., all ribo- dinucleoside sequences of the 

pyrimidine (3'-5') purine type and so forth, to facilitate comparison 

of sequence similarities and differences. No equilibrium constant for 

GpC plus ethidium ion could be measured owing to the formation of a 

precipitate in the mixture, even at room temperature. 

B) Optical Melts 

Additional values for the equilibrium constants of complex forma

tion w~re obtained by performing optical melts on solutions of known 

dimer:dye concentrations. ~1onitoring of the absorbance at 465 nm 

throughout the melt measured the amount of ethidium .ion bound in the 

complex at any temperature. A typical melt is displayed in Figure 2.3. 

The same lower baseline was applied to all melts for a particular di

mer:dye system. r~elts were successfully run only v1ith the CpA/UpG/EI 

system; dimer:dye ratios here ranged from l 0:1 up to 90:1. For the 

ApA/UpU/EI and ApG/CpU/EI systems we were unable to obtain a lower 

baseline at similar dimer:dye ratios. The lower stability of these 

complexes left much of the dye unbound, even at low temperatures. 
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Figure 2.2a. Benesi-Hildebrand plot of UpA:UpA:EI complex. 

Line represents least squares fit to the data. Concentra

tions are 0.031 - 0.049 mM for ethidium ion and 0.59 - 4.0 

~~ for UpA. Temperature is 0°C. 
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Figure 2.2b. Benesi-Hildebrand plot of dTpA:dTpA:EI complex. 

Line represents least squares fit to the data. Concentra

tions are 0.043 m~~ for ethidium ion and 1 .5 - 7.8 mH for 

dTpA. Temperature is 0°C. 
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Figure 2.2c. Benesi-Hildebrand plot of CpA:UpG:EI complex. 

Lines represent least squares fit to the data. Concentra

tions are 0.039 mt·1 for ethidiurn ion, 0.16 - 1.8 mt~ for CpA, 

and 0.15 - 1.8 mM for UpG. 

36 



37 

lSI N 
o:) lSI 0 . 0'1 

I l/) 
'<I" 

co 
-' 
CXl 
>< 

(Sl 
(Sl -. 

C\J '¢'" 

I 
:2 -

(j)(j)(j) 

!"--

Ll.JL!JW 

10 

Ll.J l!J w 
Ct:C!:ffi (!)(!) 
Wll.JW 
000 

-
\'Sl X (Sl 

\'Sll/)(Sl ..... . 
('\') IJXO 

0" 
Q) ,........., 

<..90.. 

:::> 
........... 

0" 
Q) 

lSI ,........., 
lSI <! . 
(\f 0.. 

u ........... 

lSI 
lSI . 
\'Sl 

lSI (Sl (Sl \'Sl 
lSI (Sl (Sl (Sl 

• • . . • 
\'Sl "¢" 00 N to 

I I ...... ...... 
I I 



Figure 2.2d. Benesi-Hildebrand plot of ApA:UpU:EI complex. 

Lines represent least squares fit to the data. Concentra

tions are 0.039 mt1 for ethidium ion, 1.5- 4.9 mt1 for ApA, 

and l .5 - 5.0 mM for UpU. 
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Figure 2.2e. Benesi-Hild~brand plot of ApG:CpU:EI complex. 

Lines represent least squares fit to the data. Concentra

tions are 0.042 mM for ethidium ion, 1.6 - 3.9 mM for ApG, 

and 1 .6 - 4.0 mM for CpU. 
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Figure 2.2f. Benesi-Hildebrand plot of ApU:ApU:EI complex. 

Line represents least squares fit to the data. Concentra

tions are 0.040 mM for ethidium ion and 4.4- ll mM for ApU. 

Temperature is 0°C. 
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TABLE I 

BENESI-HILDEBRAND FITS OF ETHIDIUM ION 

BINDING TO MINIHELICAL SEQUENCES 

Complex Temperature K X 1 0-5 
E:b - E:f 

(DC) (M-2) (L/mol-crn) 

CpG:CpG:Eia 0 890 ± 200 -3400 ± 200 

5 420 ± 150 -3200 ± 300 

UpA: UpA: EI 0 7.2 ± 1.0 -3600 ± 200 

CpA :UpG: EI 0 150 ± 20 -3500 ± 100 

5 46 ± 7 -3500 ± 200 

10 19 ± 5 -3200 ± 400 

dCpG:dCpG:Eia 0 65 ± 10 -3500 ± 200 

5 15 ± 2 -3300 ± 1 00 

dTpA:dTpA:EI 0 1.3 ± 0.3 -2900 ± 400 

ApA: UpU: EI 0 3.0 ± 0.4 -2900 ± 100 

5 1.9 ± 0.3 -2600 ± 200 

10 1.4 ± 0.3 -2300 ± 200 

ApG:CpU:EI 0 4.9±1.2 -3000 ± 300 

5 2.7 ± 0.6 -2800 ± 300 

10 2. 1 ± 0.6 -2400 ± 400 

ApU :ApU: E I 0 0.5 ± 0.1 -2500 ± 200 

aDa ta from Pardi (1980). 



Figure 2.3. Optical melt of CpA:UpG:EI complex monitored at 

465 nm in 1 em cell. Concentrations are 0.039 mt·1 for ethidium 

ion, 3.5 mM for CpA, and 3.5 m~·1 for UpG. 
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The melting temperature, T, is the temperature where one half 
m 

of the total ethidium ion in solution remains complexed and the rest 

is free. This assumes two-state behavior for the dye during the 

melting process. The Tm is then the midpoint of the optical melt 

transition. Using ·equation (2), we can write an expression for Kat 

this temperature: 

1 
K = 

(a - k/2)(b - k/2)[C~ 1 J 2 
(5) 

where a is the concentration ratio of dimer NpN to total dye and b is . a 
the same number for NpNb. Experimentally, for self-complementary di-

mers, a = b and k = 2, while for non-self-complementary dimers, a ~ b, 

generally, and k = 1. Each pair of K and T values from these studies m . 

was used in the van 1 t Hoff plots (below). 

C) Thermodynamics of the Binding Reaction 

Determinations of the enthalpy and entropy of the binding of 

ethidium ion to dimers were carried out using the equilibrium con-

stants from both the binding studies and the optical melts. Van 1 t 

Hoff plots of ln K vs. T-l for CpA/UpG/EI, ApA/UpU/EI, and ApG/CpU/EI 

are presented in Figure 2.4. ~H 0 and ~S 0 for each are listed in 

Table II, together with those obtained by Pardi (1980) for CpG and 

dCpG plus ethidium ion. ~H 0 for dCpG, -29 kcal, is comparable to that 

of dpCpG with ethidium ion, where ~H 0 = -27 to -30.6 kcal, depending 

upon the method of measurement (Da~anloo & Crothers, 1976). 

D) Induced CD of Dimer:Dye Complexes 

Measurements of the induced circular dichroism from 370 to 290 nm 

for ethidiurn ion in all the solutions from the binding studies were 
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Figure 2.4. Van•t Hoff plots for ethidium complexes with 

CpA/UpG (D), ApA/UpU (<)), and ApG/CpU (X). Lines represent 

least squares fit to the data and estimated error associated 

with each point. 
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TABLE II 

THERMODYNAMICS OF ETHIDIUM ION BINDING 

TO MINIHELICAL SEQUENCES 

Complex 

C pG: C pG: E I a 

CpA:UpG:EI 

dCpG:dCpG:Eia 

ApA :UpU: E I 

ApG:CpU:EI 

aoata from Pardi (1980). 

liH 0 

(kcal/mol) 

-32 

-32 ± 1 

-29 

-12 ± 2 

-13 ± 3 

11S 0 

(cal/mol) 

-84 

-86 ± 4 

-69 

-18 ± 7 

-22 ± 12 
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attempted. An observable induced CD spectrum was obtained for all 

cases except for ApU plus dye, where no significant CD signal for the 

ApU/EI mixture above the ApU baseline was seen, even at the highest 

dimer: dye ratio ( 11 m~~: 0. 040 mf·~). The molar CD per bound dye may be 

very low for this complex. For GpC plus ethidium ion we obtained the 

same spectrum as Krugh et al. (1975), but a precipitate was suspended 

in the cell. ~~e believe the spectrum is largely due to scattering by 

this precipitate. 

The induced CD spectra for UpA; dTp.A; CpA plus UpG; ApA plus UpU; 

and ApG plus CpU plus ethidium ion are presented in Figure 2.5. The 

quantity 6sbound is the molar CD per bound dye, i.e., per mole of com

plex. Values of 6sb d were calculated using oun 

(6) 

where e0 is the measured ellipticity of the sol uti on in degrees, CCpl x 

is the equilibrium concentration of the complex, and~ is the path 

1 ength in em. 

The largest induced CD band is between 300 and 310 nm and the 

maximum position varies with the base sequence. The wavelength max

ima and 6s~0:~~ are listed with those from ethidium ion with CpG and 

dCpG (Pardi, 1980) in Table III. The maximum values of 6sbound remain 

quite constant throughout the range of dimer:dye ratios studied for 

each sequence of bases. Krugh & Reinhardt (1975), using solutions in 

which all ethidium ion present was bound in the complex (as judged by 

the shift in the visible absorption band), also obtained 6sbound val

ues for some of the same sequences. Their results compare favorably 

with ours in most cases (Table III). 
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Figure 2.5. Induced CD spectra per bound ethidium ion at 0°C 

for 2:1 dimer:dye complexes. 
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TABLE III 

INDUCED CD PER BOUND ETHIDIUM ION 

IN MINIHELICAL COMPLEXES 

Complex at Wavelength t.E:bound 

0°C (nm) (L/mol-cm) 

CpG:CpG:EI 307 22 ± 3 a 

307 20 b 

UpA:UpA:EI 301 23 ± 4 

CpA:UpG:EI 305 22 ± 4 

305 21.4 b 

dCpG: dCpG: EI 307 15 ± 3 a 

dTpA:dTpA:EI 305 10 ± 5 

ApA:UpU: E I 306 3.7 ± 0.8 

303 9.0 b 

ApG:CpU: EI 308 7.4 ± 0.7 

aData from Pardi (1980). 

bData from Krugh & Reinhardt (1975). 



4. Discussion 

A) Stoichiometry of the Complexes 

Krugh and co-workers (Krugh & Reinhardt, 1975; Krugh et al., 1975) 

stated that with excess dimer to ethidium ion, any minihelical com

plex formed in solution was likely 2:1 dirner:dye. Hov1ever, the cry-

stalline complexes of ethidium ion with 5-iodoUpA and 5-iodoCpG were 

composed of two dimers and two dyes (Tsai et al., 1977; Jain et al ., 

1977), even though the mother liquor originally contained an excess of 

the dimer in each case (Krugh & Reinhardt, 1975). More recently,· 

fluorescence lifetime measurements of ethidium ions (Reinhardt & 

Krugh, 1978) established the existence of only one bound species in 

solution \·Jith excess CpG and roughly equal bound populations in cry

stals vJith CpG, confirming the 2:1 and 2:2 stoichiometries, respec

tively. Pardi (1980) obtained optical and equilibrium sedimentation 

evidence which also established the solution stoichiometry as CpG:CpG: 

EI. 

He assumed the 2:1 dimer:dye stoichiometry in all our analyses, 

primarily because we always worked with an excess of dimer in each 

solution. That this was indeed the stoichiometry can be substantiated 

with two experimental observations: l) the linearity of the data in 

the Benesi-Hildebrand plots, and 2) the constancy of 6sb d for each oun 

complex through a vJide range of dimer to dye concentration ratios. 

Attempts to fit our data to either 1:1 or 2:2 complex stoichio-

metries (see Pardi, 1980, for methods) all failed to produce a better 

fit than for a 2:1 complex, even at lower dimer:dye concentration ra

tios v1here these other complexes v10uld more likely form. Either of 

these tv1o competing stoichiometries would also have caused significant 
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deviations from linearity in our Benesi-Hildebrand plots (Figures 2.2a 

- 2.2f), especially as the dimer concentration decreased. No such de-

viations occurred in our data. 

The occurence of either alternate stoichiometry (1 :1 or 2:2) 

would also have caused decreases in ~Eb d at lower dimer to dye conoun 
centration ratios. A qualitative reason for this can be advanced. 

First, any bound ethidium ion, no matter what the stoichiometry, v10uld 

have displayed a red-shifted visible absorbance band. Such shifts 

were seen by Pardi (1980) in binding studies with single non-self-com-

plementary dimers where no double-stranded minihel ices formed. LePecq 

and Paoletti (1967) also saw this shift when ethidium ion bound via 

electrostatic attraction to the polyanion polyvinyl sulfate. Second, 

any dye bound, but not intercalated, would not exhibit an induced CD 

spectrum. Pardi (1980) observed this for the l: l complexes, and any 

outside stacking of dye on a 2:1 complex v1ould presumably contribute 

1 i ttl e to the CD also. In combination, both effects waul d cause 

~s to decrease at lower dimer to dye concentration ratios; the bound 

absence of such decreases in our data rules out these competing stoi-

chiometries. 

B) Sequence Preferences in the Complexes 

Previous studies of ethidium ion binding to dimers (Krugh & Rein-

hardt, 1975; Krugh et al ., 1975; Reinhardt & Krugh, 1978; Lee & Tin

oco, 1978) emphasized its relative preference for binding to pyrimi-· 

dine (3'-5') purine sequences. We can explor~ this observation on a 

quantitative basis with this work and Pardi's (1980). 

The grouping of complexes in Table I reveals a general sequence 

dependence for ethidium ion binding with complementary dimers. At 0°C 
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this order is (Py =pyrimidine, Pu =purine): 

Py(3'-5')Pu > Pu(3'-5' )Pu = Py(3'-5' )Py > Pu(3'-5')Py. 

This is consistent \·Jith previous results \vhich showed the preference 

for·Py(3'-5')Pu over Pu(3'-5')Py; we place the remaining general se

quence (Pu(3'-5' )Pu = Py(3'-5' )Py) in the picture also. A similar or-

der of ethidium ion binding preference has been presented for G·C base 

pairs in deoxytetranucleotides (Kastrup et al., 1978). The equilib

rium constants for the strongest (CpG) and weakest (ApU) complexes 

differ considerably: by a full four orders of magnitude. 

The equilibrium constants v1e have determined are for an overall 

equil ibriurn: 

(7) 

For the purposes of discussion, this overall reaction can be broken 

down into three reactions: 

K 
NpNa+NpNb :t1 NpNa:NpNb (wound) (8) 

K 
NpNa:NpNb (unwound)+ EI £3 NpNa:NpNb:EI (10) 

where our overall equilibrium constant is the product K1K2K3. The 

actual mechanism for complex formation depends upon sequence and is 

different from this scheme (Davanloo & Crothers, 1976), but individual 

contributions to the formation of the minihel ix complexes can be con

sidered within this framework. 
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Equation (8) represents the formation of minihel ices in solution 

in the absence of the dye. Equation (9) represents the unwinding and 

separation of the two minihelix base pairs to accomodate a dye mole

cule, while equation (10) represents the intercalation of ethidium ion 

into the opened minihel ix. 

Krugh and co-workers (Young & Krugh, 1975; Krugh et al., 1976) 

measured the equilibrium constant K1 for the formation of a double

stranded minihelix 1vith the complementary dimers dpCpG, dpGpC, CpG, 

GpC, and GpU plus ApC between 0 and 5°C. All the equilibrium con

stants were on the order of 10 M-l or less. Since our overall con-

stants range from 5000 on up, the contribution of minihelix forma

tion to the overall free energy of dimer:dye complex formation is 

probably small. 

The energetics of the remaining two reactions have been evalua-

ted in calculations by Ornstein and Rein (1979a, 1979b). Their cal

culations showed that minihelix unwinding (9) was energetically unfavor

able (~H > 0), but very specific for the general base sequence. The 

loss of stronger base-base stacking interactions in Pu(3'-5' )Py se

quences vs. Py(3'-5' )Pu sequences partially accounted for the obser

ved preferences for dye binding. Base-phosphate interactions com

prised the remainder of the preference and again favored the Py(3'-5') 

Pu sequences; this last contribution was lessened if the phosphates 

were electrically neutral (Ornstein & Rein, l979a). 

Other calculations showed that the dye:minihelix interactions in 

reaction (10) were enthalpicly favorable (~H < 0), but the Pu(3 1 -5 1 )Py 

sequences \vere preferred over their isomeric Py(3'-5 1 )Pu sequences; 

this last factor was reversed by the greater contribution to the spec-
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ificity from reaction (9) (Ornstein & Rein, l979b). Thus, these

quence specificity is provided in (9) but the driving force for bind

ing is from (10). Important contributions in reaction (10) were pro

vided by the dye-base interactions (overlap) and the phosphate-dye in

teractions (hydrogen bonding between the DNA phosphates and the amino 

groups of the dye). In their X-ray studies, Sobell and co-workers 

(Tsai et al., 1977; Jain et al., 1977) also noted the importance of 

dye-base overlap, v1hile Kindelis and Aktipis (1978) found that mono

amino derivatives of the ethidium ion formed conformationally different 

complexes with DNA from the diamino derivatives, possibly because their 

hydrogen bonding properties were different. 

Our equilibrium constants and other thermodynamic data are all 

consistent with these previous studies: Py(3'-5' )Pu sequences form 

stronger cornplexes v1it;l the ethidium ion tha~1 Pu(3'-5' )Py sequences. 

The likely reasons for this preference are those proposed in the pre

vious studies. Complexes with complementary Pu(3'-5')Pu + Py(3'-5')Py 

sequences fall bet\-1een these t'tJO cases. Removal of the small reaction 

(8) contribution to reaction (7)'s large total free energy shows that 

the contributions from (9) and (10) constitute the major driving force 

for the overall reaction in our results. 

Comparisons of complex stabilities for analogous ribo- and deoxy

ribo- sequences are possible with these results. In each case (CpG vs. 

dCpG and UpA vs. dTpA), the ri bo- sequence forms the stronger complex 

with ethidium ion. KrtJgh and co-workers (1975) observed the same ef

fect with CpG and dpCpG but cautioned that direct comparison was re

stricted by the extra phosphate group on the deoxyribo- dimer. Both 

our deoxyribo- sequences have equilibrium constants smaller than their 
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ribo- analogues by a factor of -10. Double-stranded RNA with G·C con

tents greater than 20% is more stable than DNA (Bloomfield et al ., 

1974); this might partially account for the greater stability of the 

CpG:CpG:EI complex compared to dCpG:dCpG:EI. However, the results 

for U-pA:UpA:EI vs. dTpA:dTpA:EI run contrary to this: the deoxyribo

sequence should be more stable than the ribo- analogue. l~hether all 

deoxyribo- dimer:dye complexes are less stable than their ribo- analo

gues requires further study. 

The applicability of these results, especially the binding con

stants, to dye binding with longer oligomers and polymers is an inter

esting question. The binding of ethidium ion to longer sequences us

u::lny occurs vlith some sizable population of extant double strands. 

Since our results give overall constants for complex formation from tvJO 

single strands rlus dye, direct comparison with the equilibrium con

stants usually obtained with longer sequences is invalid. Still, the 

relative magnitudes of the constants, e.g. the -1000-fold difference 

bet~veen a CpG and an ApU complex, may ren:ain intact in longer sequences. 

Thus, a single macroscopic binding constant for dye binding to DNA or 

double-stranded RNA may mask contributions from many classes of binding 

sites, each with their own microscopic, but experimentally indistin

guishable (at this time) binding constants. 

C) Induced CD of the Complexes 

The induced CO spectra of ethidium ion intercalated in complemen

tary sequences of both deoxyribo- and ribo- dimers are all similar to 

those with polymers: bands are observed at 375, 330, and near 307 nm 

(Aktipis & Martz, 1970; Douthart et al.,l973). The similarity ends, 

hmvever, when the magnitudes at 307 and 330 nm per bound dye are com-

60 



pared for the dirner complexes and the polymers. In polymers, the mag-

nitudes of these bands are low when few dyes are bound but they rise 

steadily as the extent of binding increases (Dalgleish et al., 1971; 

Aktipis & Kindelis, 1973; Aktipis & ~~1artz, 1974·, Houssier et al., 1974; 

v/illiams & Seligy, 1974). In the dimers, on the other hand, tf1e mag-

nitudes of the bands are large. In fact, the dimer AsbA maxd values more oun 
closely resemble those of the polymers at higher r values where virtual-

ly every intercalation site is occupied, especially the dimers with 

Py(3'-5')Pu sequences (Table III). 

One question that immediately comes to mind is whether the CO's of 

the dimer complexes serve as models for longer sequences. In the only 

reported CD study to date of ethidium ion binding vJith oligomers, Kas-

trup et al. (1978) examined dye binding with pdC-dG-dC-dG (2 dC-dG 

sites), pdC-dC-dG-dG (l dC-dG site), pdG-dG-dC-dC, and pdG-dC-dG-dC (1 

dC-dG Site). For dye plus pdC-dG-dC-dG, both dC-dG sites were occupied 

at an added EI/strand ratio of 1, and the measured molar CD per bound 

dye at 305 nm v1as -15 L/mol-cm, a value identical to ours for the dCpG: 
305 dCpG:EI complex where Asbound = 15 ± 3 L/mol-cm. Binding stoichiomet-

ries for the dye with the other three sel f-cornpl ernentary tetramers were 

less well-defined; however, at added EI/strand ratios of l, As 305 for bound 
each was -11 L/mol-cm for pdC-dC-dG-dG, -10 L/mol-cm for pdG-dG-dC-dC, 

and -6 L/mol-cm for pdG-dC-dG-dC. The lm·Jer magnitudes for As~~~nd in 

the two sequences with one (presumably) preferred dC-dG binding site in-

dicatPs that bosr::s beyond the nearest neighbors i~fluence the mag-

nitude of the CD band or that the dye molecules are bound in other 

sites. 

A com~Dnly accepted explanation for increasing polymer Asbound val-
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ues near 307 nm with increasing dye binding maintains that contribu

tions from the interaction between bound dye molecules can be added to 

the small CD contribution from the inherent asymmetry of the site 

(Houssier et al., 1974). The interaction is more likely to occur as 

more dye binds (and the dyes are closer to each other, on average), so 

the induced CD per bound dye increases. This exciton· interaction be

tween transitions on the dyes then might account for the negative lobe 

in the induced CD at 290 nm which is seen under certain circumstances 

(Aktipis & Kindelis, 1974; Aktipis & Martz, 1974; Williams & Seligy, 

1974; Balcerski & Pysh, 1976). 

The objections raised to this theory by Pardi (1980) centered on 

the fact that the magnitudes of the induced CD band around 307 nm for 

ethidium ion bound with CpG, dCpG, and UpA all were as large as in a 

DN.C\ sarnp1e fully bound 'tJith the dye, yet only one dye molecule v1as pre-· 

sent in the 2:1 complex. Furthermore, his equilibrium sedimentation 

study of CpG:CpG:EI shov1ed that it was not forming aggregates, so dye

dye interactions between stacked complexes were not occurring. Clear

ly, if exciton interactions between intercalated dyes were not respon

sible for the large CO bands near 307 nm with dimers, maybe such in

teractions did not explain the changes in the induced CD vJith polymers. 

For the sake of clarity, the question of the ethidium ion's in

duced CD in nucleic acids should be divided into two parts. First, 

what is the contribution to the CD from the inherent asymmetry of the· 

binding site, and second, why does the induced CD per bound dye between 

300 and 350 nm increase as more dye binds? l'lith the dimer:dye results 

we can answer the first question: the apparent induced CO associated 

with the binding site asymmetry is large, and probably sequence depen-
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dent. Naturally, there is the question of an exact correspondence be-

tween the dimer:dye complexes and complexes of the dye with longer se

quences. The relative orientations of the base pairs and the dye may 

be less constrained in the dimer:dye complexes than in longer sequences, 

where bases beyond the nearest neighbors may restrict dye:base orienta-

tions in the binding site, but at present this does not seem signifi

cant because ~E\ max remains large in tetramer:dye complexes (Kastrup bound 
et a 1 . , 1978). t•1ore 1t10rk with o l i garners is needed to resolve this 

question. If the inherent asymmetry of the site contributes a 1 ar·ge 

magnitude to the induced CD, previous approaches to the second ques-

tion were misleading. Rather than ask what possible interactions con

tribute additional intensity to the lm'/ inherent CD of the near UV bands 

for ethidium ion in polymers as more dye binds, perhaps it is better to 

ask what interactions could reduce the intensity of the CD due to the 

site asymmetry as dye binding decreases. This is the point of viev,; ~tie 

will take into the succeeding chapters. 
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1. Introduction 

Chapter II I 

FLUORESCENCE DETECTED CIRCULAR DICHROISM 

OF DIMER-ETHIDIUM ION COMPLEXES 

In any solution containing more than one optically active species, 

the circular dichroism (CD) spectrum is sensitive to local structure 

around each chromophore, but it also a sum of contributions from all. 

Resolution of a particular chro~Dphore's contribution from the entire 

spectrum may be difficult, or impossible. On the other hand, a sin

gle fluorophore mixed with other absorbing species can be readily iso-

1 ated by measuring its fluorescence excitation profile. A single 

technique v1hich unites the sensitivity of fluorescence vlith CO's con

formational information is fluorescence detected circular dichroism 

(FDCD). 

In FDCD, a sample is excited with circularly polarized light and 

the intensity of emission is measured as a function of the incident 

beam's circular po 1 ari zat ion sense (Turner et al., 1974). Thus, FDCD 

is analogous to CD since both techniques provide information about the 

ground state of the molecule (Tinoco & Turner, 1976). 

The use of fluorescence detected CD to study the complexes of 

ethidium ion with nucleic acids was first performed by Turner and co

workers (unpublished results) who looked at the complex formed with 

dCpG. The advantages of FDCD in these systems stem from the fact that 

the fluorescence quantum yield of the dye is enhanced up to 20-fold 

upon binding in the dimer:dye complex (Reinhardt & Krugh, 1978) and 

the dye is in a chiral environment. Thus, any FDCD signal in these 
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systems is almost solely from the dimer:dye complex. This is rmst 

convenient because the large excess of di111er relative to dye obscures 

the conventional CD spectrum of the complex below 300 nm in many 

cases. 

The results of FDCD studies on the dimer:dye complexes studied 

in Chapter II are presented in this chapter. They show that the CD 

spectrum of the complexes below 300 nm is sensitive to the dimers' 

base s~quence. 

2. Experimental 

A) t,1aterials 

The dinucleoside phosphates, ethidium bromide, and buffer were 

prepared as in Chapter II. In several cases, solutions used in the 

determination of binding constants were employed in the FDCD studies 

also. Rhodamine B was obtained from Eastman Kodak. 

a-Naphthylamine was obtained from Sigma. The material v1as a 

deep red amorphous mass, so purification by steam distillation was 

necessary. The steam feeder line was passed through t\,IO traps to 

remove any particulate matter. The slightly translucent distillate 

was cooled and then filtered through a 0.2 ~m polycarbonate filter 

(Bio-Rad). Baseline solutions for FDCD were prepared from this stock 

by dilutions with either doubly distilled water or buffer. The pH of 

these solutions was - 7 as measured with indicator strips (Merck). 

All solutions were kept in the dark and refrigerated when not in use; 

a-Naphthyl~mine is an OSHA-regulated carcinogen and restrictions on 

its use are in effect. Purification of the compound was performed in 

a restricted access area; all glassware was cleaned separately and 

the washings collected in a separate waste container. The fluores-
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-2 of potassium dichromate in 10 t~1 KOH (Dorman et al., 1973) and an 

adjustable mount kindly provided by Dr. Marc ~~aestre. Each tube ex-

hibited an artifact of ±1 mill idegree on the 40 mill idegree scale in 

the regions of dichromate absorbance. All fluorescence cells were 

also tested in this fashion; none showed artifacts above the level 

present in the photomultipliers. 

A preamplification circu'it for the photomultipliers was con

structed after Turner (1978). The operational amplifier was from 

Union Carbide Electronics (H7020A); this model is no longer avail

able, see Turner (1978) for an alternate. Jacks from either photo

multiplier tube could be connected to the preamp depending upon the 

type of measurement des ired. Each phototube \'/as shielded with mu 

metal. 

ii) r:1a,lipulation of FDCD Data 

t'lultiple FDCD scans (5 to 9) were necessary due to the large a-

mount of noise. Acquisition, storage, averaging, smoothing, and other 

manipulations of the data were performed on the PDP 8/E computer (Di

gital) with the revised Super Spectrum software (Appendix B) and also 

on the CDC 6400/6600/7600 computer system at Lawrence Berkeley Labor

atory (Appendix C). Signals at dynode voltages above 950 volts were 

judged unreliable and ignored in subsequent analyses. 

The signal from an FDCD measurement at the chart recorder on the 

Cary 60 is given by 

e~ = -14.32(6EF/EF - R) 

R = 6A (-1 _ 2:303 ) 
A 1d~- 1 

( 1 ) 

(2) 
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where e~ is the ellipticity in degrees, ~EF (= EFL- EFR) is the molar 

circular dichroism of the fluorophore in L/mol-cm~ EF is the molar ex

tinction coefficient of the fluorophore (also in L/mol-cm), ~A (= AL 

- AR) is the circ11lar dichroism of the sample, and A is its absorbance 

(Tinoco & Turner, 1976). The factor ~EF/EF is referred to as the Kuhn 

anisotropy or the Kuhn dissyrrmetry factor of the fl uorophore. 

Equations (1) and (2) are for the general case. \'Jhen only one 

fluorescent, optically active species is present ~A/A= ~EF/EF' and 

these reduce to the form 

e~ = -32.98~A/(lOA - 1) (3) 

(Tinoco & Turner, 1976). For calibration of the instrument, the CD 

spectrum of the standard, d-10-camphorsulfonic acid (Eastman Kodak), 

is calculated from the FDCO and absorbance spectra by rearranging (3) 

to obtain 

where the relation eo = 32.98~A has been used. 

iii) Calibration of the Instrument 

( 4) 

After calibration of the 6001 CD accessory according to the man-

ufacturer• s instructions, the nevJ elevator was mounted in the Cary 60. 

Since the larger elevator was used for both CD and FDCD measurements, 

it was first calibrated in the CD mode. Prior to calibration, the 

Pockels cell on this elevator was aligned by minimizing the CD arti

fact for a solution of potassium dichromate in 10-2 r~ KOH. 

Calibration of the nevi elevator for CD proceeded by connecting 

the leads for the CD photomultiplier tube to the preamplifier, follow-
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ed by rotation of the mount into the path of the excitation beam. 

Using visible light (540 nm) and slits opened to 1 mm, the beam was 

centered on the phototube by placement of an opaque card v:ith a small 

hole in the beam.· ~·Jhen light passed by the holP. reflected off the tube 

and was centered on the hole, the tube was properly aligned. After the 

mount v1as immobilized, calibration of the CD proc.eeded as for the Cary 

6001 accessory. A l em cell containing 4.3 mM (l mg/ml) d-10-camphor

sulfonic acid in doubly distilled water was set in the cell holder. 

Scans of the CD spectrum from 340 to 240 nm were made and the trimpot 

(Rl2 in Figure 5, Turner, 1978) was adjusted on the preamplifier until 

a maximum ellipticity of 312 millidegrees was measured (Cassim & Yang, 

1969). 

To calibrate the elevator for FDCD, the CD phototube leads v1ere 

disconnected and the CD tube was rotated out of the excitation beam. 

The FDCD tube leads were connected and a Schott KV 380 interference fil

ter was mounted in front of this phototube. To obtain a sufficiently 

strong signal, 21.5 mM (5 mg/ml) camphorsulfonic acid in a l em fluo

rescence cell was used to take the FDCD spectrum. For this and a 11 FDCD 

measurements, the slit multiplier was set at the maximum (10.0), as op

posed to the usual setting for conventional CD (5.0) to increase the 

incident light intensity. The baseline solution was a-naphthylamine in 

buffer; this solution had an absorbance (1 em) of 0.67 at 305 nm. To 

check calibration of the FDCD, the CD spectrum of the standard from 

FDCD and absorbancP spPctra via equation (4) is compared with the con

ventional CD spectrum in Figure 3.2; the agreement between the tv;o cur

ves is within 10%. 

iv) Measurement of FDCD Spectra 
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Figure 3.2. Calibration curves of the FDCD instrument for 

d-10-camphorsulfonic acid (5 mg/ml) from CD measurements 

alone (0) and from FDCD and absorbance measurements via 

equation (4) (X). 
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Quartz fl uOl~cscence cells (Precisian Cells) of 2 mm and 3 mm path 

lengths were utilized for all FDCD measurements of the ethidium ion:di

nucleoside phosphate complexes. A Schott KV 408 interference filter 

excluded a 11 scattered or emitted 1 i ght be 1 ow 408 nm. In the tests for 

photoselection, a linear polarizer (Polaroid, HN32, 0.030 11
) ~vas mount

ed in front of the cutoff filter. No photoselection was observed for 

any of the complexes (see Chapter IV). Solutions of a-naphthylamine, 

either in v1ater (15 00 units at 305 nm), or in buffer (1.5 00 units at 

305 nm), were used for baselines depending upon the optical density of 

the dimer/dye solution. 

Measurements of the CD and absorbance spectra at 0°C were perform

ed on the Cary GO \'lith Cary 600"1 CD accessory, and either the Cary 118 

or Gilford 250 spectrometers, respectively. The temperature was main

tained as in Chapter II. Path lengths w~re selected to keep the ab

sorbance below 2 at the maximum. 

v) Fluorescence Measurements 

Corrected excitation profiles of ethidium ion, both alone and in 

the presence of CpG, were run at 0°C on a Perkin-Elmer MPF-44B fluores

cence spectrophotometer. A Perkin-Elmer DCSU-2 unit was used to cor

rect the profiles for lamp and photomultiplier characteristics. These 

instruments v1ere kindly made available by Dr. Alex Glazer. The temper

ature was maintained with an external bath (Neslab) to within ±0.2°C. 

Solutions in buffer of ethidium ion (0.046 mM) alone and with CpG (0.53 

m~1) were scanned in a 2 mm path f1 uorescence cell. Slit ~vidths vJere 

2.4 mm (8 nm bandwidth) at the emission monochrometer and 1.8 mm (6 nm 

bandwidth) at the excitation monochrometer. Emission was monitored 

at 590 nm and the excitation spectra scanned from 225 to 550 nm. 
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Constancy of the free dye quantum yield over the profile range was 

checked against Rhodamine B by calculating the ratio 

from 225 to 550 nm· (LePecq & Paoletti, 1967). IR and IE are the fluo

rescence intensities for the Rhodamine 8 and ethidium ion, respective-

ly, and AR and AE are the absorbances of the same. 

The ratio of quantum yields for equal amounts of dye bound in the 

complex and free in solution is 

(5) 

(LePecq & Paoletti, 1967), where Ib and If are the fluorescence inten

sities for bound and free ethidium ion and Ab and Af are the absorban

ces of the same. The excitation profile (Ib) of the CpG/EI mixture was 

corrected for the small amount of fluorescence due to the free dye 

(-s~~ of total dye). Concentrations of free dime\~, free dye, and com

plex were calculated from the equilibrium constant at 0°C and the to-

tal dye and dimer concentrations. Errors in the final concentrations 

were estimated at 25% and were due primarily to the equilibrium con-

stant' s error. 

The absorbance of the bound dye, Ab' was calculated by deducting 

contributions of free CpG and free dye from the mixture absorbance. 

This provided A 1 x' from which an estimated contribution from the comp e 

bases in the complex equal to 2C 1 sc G' where sc G is the extinc-comp ex p p 
tion coeffiecient of CpG, was subtracted to yield Ab. This assumed the 

CpG absorbance characteristics were not changed in the complex, an as-
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sumption similar to that made with the DNA:EI complexes (LePecq & Pao

letti, 1967). For ~tiavelengths greater than 310 nm, the resulting ab

sorbance profile showed little difference from that of the mixture alone 

as expected, owing to the small amount of free dye and the absence of 

dimer· absorbance in·this region. 

3. Results 

A) Sequence Dependence of FDCD Spectra 

The Kuhn anisotropy as a function of wavelength is presented for 

different dimer:dye complexes in Figures 3.3a through 3.3d. Above 300 

nm, all the complexes exhibit a positive anisotropy. This corresponds 

to the induced CD band seen in this region for all the complexes ex

cept ApU:ApU:EI. The fact we were able to measure a spectrum for this 

last complex underscores the usefulness of FDCD for obtaining a CD 

spectrum where conventional CD fails. It should be noted again that 

the FDCD signal is solely from ethidium ion bound in the dimer:dye com

plex. 

A change from a ribonucleoside sequence to an analogous deoxyribo

nucleoside sequence has no effect on the complexes' band positions. In 

the CpG vs. dCpG complexes (Figure 3.3a) this is evident. For the UpA 

vs. dTpA complexes (Figure 3.3b), agreement is seen below 240 nm and 

above 290 nm (within error). The high optical density of the dTpA mix

ture may be responsible for the discrepancy between the two spectra be

tween 240 and 290 nm, where the absorbance was greatest. 

Below 300 nm, where the dimers themselves possess CD spectra, dis

tinct differences in the Kuhn anisotropy exist from complex to complex. 

These spectral differences may reflect the individual optical proper

ties of the surrounding bases in the complex, different relative ori-
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Figure 3.3a. Kuhn anisotropy spectra for CpG:CpG:EI complex 

(top) and dCpG:dCpG:EI complex (bottom). Estimated errors 

are represented by lines. Maximum absorbances for FDCD 

measurements were 2.57 in a 3 mm cell at 254 nm for CpG com

plex and 2.96 in a 3 mm cell at 253 nm for dCpG complex. 
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Figure 3.3b. Kuhn anisotropy spectra for UpA:UpA:EI complex 

(top) and dTpA:dTpA:EI complex (bottom). Estimated errors 

are represented by lines. Maximum absorbances for FDCD 

measurements were 8.07 in a 3 mm cell at 259 nm for UpA com

plex and 31 .l in a 2 mm cell at 261 nm for dTpA complex. 
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Figure 3.3c. Kuhn anisotropy spectra for CpA:UpG:EI complex 

(top) and ApG:CpU:EI complex (bottom). Estimated errors 

are represented by lines. Maximum absorbances for FDCD 

measurements were 5.95 in a 3 mm cell at 259 nm for CpA/UpG 

complex and 21.3 in a 2 mm cell at 262 nm for ApG/CpU complex. 
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Figure 3.3d. Kuhn anisotropy spectra for ApA:UpU:EI complex 

(top) and ApU:ApU:EI complex (bottom). Estimated errors 

are represented by lines. Maximum absorbances for FDCD 

measurements were 44 in a 2 mm cell at 259 nm for ApA/UpU 

complex and 48 in a 2 mm cell at 260 nm for ApU complex. 
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entations of the dye in each complex, energy transfer from nearby bases 

to the dye, or combinations of these effects. 

B) Assignment of Spectral Bands 

The Kuhn anisotropy is related to the electronic and magnetic pro-

perties of the fluorophore through the equation 

where the transition proceeded from the ground state 0 to the excited 

state A, R0A is the rotational strength of the transition, and o0A is 

its dipole strength (Tinoco & Turner, 1976). Im denotes the imaginary 

part, and ~OA and ~AO are the electric and magnetic dipole moments. 

The anisotropy should approximately be flat for each transition, pro-

viding the transition is energetically removed from other transitions, 

because RoA and o0A are constant (Tinoco & Turner, 1976). Overlapping 

transitions in the dye or with other groups will make the spectrum 

more complicated. The FDCD spectrum thus provides a measure of the 

interaction of dye transitions with neighboring transitions. 

In Figure 3.4, the Kuhn anisotropy of CpG:CpG:EI is centered be-

tween absorption profiles for the complex and for ethidium ion bound 

in DNA (Sutherland & Sutherland, 1970), and profiles for free dimer and 

dye. We have obtained a profile similar to Sutherland and Sutherland's 

for bound dye in the CpG:CpG:EI complex (Figure 3.6). Several approxi

mately flat regions of.the anisotropy can be assigned. 

The positive lobe of the Kuhn anisotropy above 300 nm can be as

cribed solely to dye transitions as mentioned earlier: only the dye ab-

sorbs light in this region. The transition responsible for the nega-
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Figure 3.4. Top: Extinction profiles for CpG:CpG:EI (D) and 

ethidium ion bound in calf thymus DNA (X). Center: Kuhn 

anisotropy for CpG:CpG:EI from FDCD. Bottom: Extinction 

profiles for CpG (6) and ethidium ion (Q). 
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tive lobe of the anisotropy centered on 290 nm is the dye's strongest 

(Hudson & Jacobs, 1975), which is apparently reduced in intensity and 

red-shifted when the dye is bound (see the fluorescence excitation pro

files, below). 

The next anisotropy band between 240 and 280 nm is assigned to 

interactions between dye and base transitions. In this region of the 

complex absorption profile much of the energy is absorbed by the bases 

in the complex. Assignments of the remaining bands in the anisotropy 

(bel ow 240 nm) are much more difficult to perform v1ith the evidence at 

hand. 

Comparisons of Kuhn anisotropies with absorption profiles cannot be 

done with other complexes because the high dimer/low dye concentrations 

and the small amounts of complex render attempts to deduce the complex

es' absorption profiles statistically indefensible. However, insofar 

as the anisotropies of the other complexes resemble that of CpG:CpG:EI, 

we can make the same ass ·ignments for them. Above 300 nm the pas iti ve 

bands correspond to the previously obtained induced CO's and originate 

on the dye. t~ost of the spectra shovJ at least a relative minimum near 

290 nm in the anisotropy; this band also arises from a dye transition. 

Bands between 250 and 280 nm arise from dye-base interactions, presum

ably. The UpA:UpA:EI anisotropy presents a problem: it does not pos

sess the same general features below 300 nm as the others. The applic

ability of the assignments to this complex is open to question. 

C) CD Spectrum of Complexes from FOCD 

Up to this point, analyses of the FDCD, CO, and absorbance spectra 

by equations (1) and (2) to obtain .6cF/E:F have been 11 Clean 11
: no assump

tions of stoichiometries or amounts of species present have been needed. 

88 



Experimentally, ei thet a FDCD spectrum caul d be measured or not. 

One useful quantity to obtain from the Kuhn ani sot ropy, !1E:F/cF, is 

the CD of the fluorophore in the complex, i1E:F. To do this ~ve need to 

derive E:F for the complex in some vJay. Ideally, the best method for 

arriving at E:F is to measure a corrected excitation profile of the bound 

dye, normalize this profile to the absorbance profile of the complex a

bove 300 nm (where only the dye absorbs), and use the normalized pro

file extending doHn to 225 nm for E:F. 

The corrected excitation profiles for equal amounts of ethicti·um 

ion, alone and complexed vdth CpG, are shown in Figure 3.5. Two facts 

are evident: the efficiency of fluorescence is enhanced considerably 

upon dye binding to the dimer, and the profile for bound dye is merely 

red-shifted fr·om the free dye version. The ratio of quantum yields for 

bound vs. free ethidium ion at different wavelengths from equation (5) 

are presented in Table IV. The enhancement of fluorescence upon ethid

ium ion intercalation into nucleic acids has been observed previously 

(LePecq & Paoletti, 1967; Krugh & Reinhardt, 1975; Reinhardt & Krugh, 

1978; Kastrup et al.; 1978). Particularly noteworthy is its relative 

independence of wavelength, even down in the ultraviolet where the bases 

absorb. This last feature was unexpected; energy transfer from the 

bases to the dye had been observed in DNA (LePecq & Paoletti, 1967; 

Sutherland & Sutherland, 1970). 

In Figure 3.6, the excitation profile for CpG:CpG:EI has been nor-

malized to the absorbance profile of the complex at 430 nm and divided 

by the complex concentration to obtain E:F. Comparison with the profile 

derived from the corrected absorbance of the mixture shows each are sim

ilar. The main absorbance band at 285 nm in the free dye has shifted 
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Figure 3.5. Corrected excitation profiles for ethidium ion 

a lone (X) and bound in a 2:1 cornp1 ex with CpG (0). 
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TABLE IV 

RELATIVE QUANTUM YIELDS 

FOR BOUND VS. FREE ETHIDIUM ION 

Wavelength (qb/qf) a 

(nm) (o 0c) 

546 21 b 

500 17 

450 15 

400 16 

350 17 

300 15 

280 17 

260 16 

240 28 

a Estimated errors for values above 300 nm are ±205~; below 300 nm 

they are larger (±35%) due to the assumptions made for Ab derivation. 

b Krugh & Reinhardt (1975) reported a value of - 18 at 25°C. 
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Figure 3.6. Absorbance profiles for CpG:CpG:EI from corrected 

fluorescence excitation profile normalized at 480 nm (0) and 

from complex absorbance profile less the dimer's contribu

tion (X). 
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out to -300 nm in the complex and lost -so% of its intensity. The lack 

of features belmv 270 nm is indicative of little or no energy transfer 

from the bases to the dye (compare with complex's absorbance profile in 

Figure 3. 4) . 

·In Figure 3.7, ·the CD spectrum of CpG:CpG:EI from the product of 

~cF/sF and sF is presented, along with the spectrum obtained by deduct

ing the free CpG contribution from the CpG/EI mixture CD (these two 

curves are shown in Figure 3.8). Coincident bands occur throughout the 

tv.;o CO's of the complex, but they differ in magnitudes below 300 nm, 

particularly below 230 nm. By assuming that the excitation profile for 

the CpG complex is the same for the dCpG complex, a comparison of the CD 

spectra from FDCD and the mixture CD (less the free dimer contribution) 

can be made for dCpG:dCpG:EI. This is shown in Figure 3.9. Here again, 

relatively good agreement on band positions is attained, but band mag

nitudes differ. Above 300 nm, the magnitudes of ~s bound from both 

methods: -22 L/mol -em at 307 nm for the CpG complex and -14 L/mol-cm at 

305 nm for the dCpG complex, agree well with previous results (Chapter 

I I ) . 

4. Discussion 

A) Sequence Dependence of Complexes' CD 

\~e have measured the Kuhn anisotropy in six of the possible ten 

different nearest neighbor sequences for ethidium ion binding in double

stranded RNA and also, in DNA, assuming the spectral similarities seen 

for the CpG and dCpG complexes are true for all analogous sequences. Al1 

the spectra are significantly different from one another, particularly 

below 300 nm. In the absence of complicating factors such as interac

tions of the dye ~vith bases beyond the nearest neighbors, or different 
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Figure 3.7. CD spectrum for CpG:CpG:EI from product of 6sF/EF 

and sF (normalized fluorescence excitation profile) (0) and· 

from mixture CD less free dimer contribution (X). Errors 

in band magnitudes are 30%. 
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Figure 3.8. CD spectra of CpG (0.41 mM) plus ethidium ion 

(0.043 mM) mixture at ooc (D) and for free CpG (0.33 mM) in 

mixture (X). Free CpG contribution was calculated from a 

CD spectrum of CpG alone (0.41 mM) and concentrations de

rived from the equilibrium constant. Path length is 3 mm. 

The CD spectrum of the CpG:CpG:EI complex was obtained 

from these by subtraction of the free CpG component from 

the mixture CD and taking into account the complex concen

tration (0.039 mM). 
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Figure 3.9. CD spectrum for dCpG:dCpG:EI from product of 

L!.E:F/E:F and sF (normalized fluorescence excitation profile) 

(D) and from mixture CD less free dimer contribution (X). 

Errors in band magnitudes are 30%. 
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geometries, these spectra can be utilized in attempts to distinguish 

preferential binding of the ethidium ion in longer sequences. 

\·Jhy each complex has a different spectrum is a difficult question 

to answer in the absence of further experiments, In the X-ray struc ... 

tures of ethidium ion complexed with 5-iodoUpA and 5-iodoCpG (Tsai et 

al ., 1977; Jain et al., 1977), the intercalated dye molecules each 

overlap by roughly equal amounts with the base pairs, and the substit

ue~ts on the phenanthridinium ring are in the minor groove of the mini

helix. Thus, the differences in the ani sotropies of the CpG and UpA 

complexes are more likely due to the different electronic properties of 

the bases, assuming the structures in the crystals apply in solution. 

The effect of switching the orientation of one base pair in a 

sequence is observable in Figure 3.3c, where an A·U base pair is rotated 

about its dyad axis. The primar'y effect is an intensifying of bands be-

·low 300 nm for CpU:ApG:EI relative to CpA:UpG:EI; no effect is seen on 

the positions of the relative maxima and minima. If the dye molecules 

are oriented identically in each complex, then this difference is at

tributable to the change in the neighboring electronic environment of 

the dye. A second comparison can be made with UpA:UpA:EI (Figure 3.3b, 

top) and ApA:UpU:EI (Figure 3.3d, top), where again an A·U base pair 

has been rotated about its dyad axis. In this case, the changes are 

drastic. For self-complementary dimers, the symmetry of the minihelix 

leaves the environment of the dye unaltered after a rotation about its 

pseudo-C2 axis through the phenanthridinium ring. On the other hand, 

with non-self-complementary dimers, this rotation does change the dye's 

environment. Thus, even if there is a similar extent of base-dye over

lap in each complex, the orientation of the dye may be different and 
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contribute to differences in the CD spectra also. Calculations of the 

CD spectra for the complexes may aid in judging the relative importance 

of these different effects. 

B) The 11 Exciton 11 Band 

One of the pieces of evidence cited in support of the dye-dye ex

citon theory for the induced CD of ethidium ion:nucleic acid complexes 

was the negative CD band near 295 nrn seen at high ionic strengths (Ak

tipis & Kindelis, 1973; Aktipis & ~1artz, 1974; Balcerski & Pysh, 1976). 

The absence of the band at lower salt concentrations v.1as attributed to 

overlap of the large positive band in the nucleic acid's CD at 275 nm; 

this band's intensity decreased at higher ionic strengths (Aktipis & 

Kindelis, 1973~ Balcerski & Pysh, 1976). 

We observed a negative band at 290 nm in the Kuhn anisotropy of 

ethidium ion in complexes \'lith CpG, dCpG, and CpU/ApG and a relative 

minimum in the complexes with CpA/UpG and ApA/UpU (Figures 3.3a-d). 

There is only one dye to hvo dimers in these complexes and stacks of 

the 2:1 complexes do not form, so the possibility of dye-dye excitons 

in these complexes does not exist: such interactions are not respon

sible for this band in the dimer complexes. vJe believe this band a

rises from transitions on the dye, most likely the transition at 285 

nm in the free dye which is red-shifted in the complex. The appear

ance of this CD band in 2:1 complexes suggests it might be a manifes

tation of the asymmetry of the binding site, both in these complexes 

and in polymers. If this is so~ overlap of the nucleic acid's CD band 

at lower ionic strengths could still mask this band; it would re

appear at high ionic strengths where the 275 nm band loses intensity. 

C) Is There Energy Transfer in the Complexes? 

l 03 



In our analysis of the CD spectrum for the CpG:CpG:EI complex we 

originally assumed energy transfer from the bases to the dye occurred. 

We believed such transfer might take place because LePecq and Paoletti 

(1967) observed it in DNA. They found that about half the energy ab

sorbed by the DNA bases was transferred to the dye at phosphate/dye 

binding ratios near 14 and, furthermore, the transfer originated from 

bases not more than five base pairs away. This last result was nearly 

duplicated by Sutherland and Sutherland (1970), who found that transfer 

originated from bases 3.5 base pairs away. 

The corrected fluorescence excitation profile of bound ethidium ion 

was enhanced above the bound dye difference spectrum in calf thymus DNA 

(Sutherland & Sutherland, 1970). This was an indication that energy 

transfer from the bases to the dye occurred. In our study of the CpG: 

CpG:El complex we saw no significant difference between the corrected 

excitation profile and the absorbance profile for bound dye only (Figure 

3.6) below 300 nm. Energy transfer in the ethidium ton complexes with 

dimers is seemingly nonexistent. However, in the calculation of the 

complex's CD spectrum by two theoretically equal methods (Figure 3.7), 

differences in the results above any calculated errors are evident below 

300 nm. In this case, the excitation profile is missing intensity below 

300 nm, suggesting that energy transfer might occur after all. This 

question is difficult to resolve one way or another at present. 

LePecq and Paoletti (1967) measured the ratio of ethidium ion fluo

rescence enhancement at 260 nm to the enhancement in the visible as a 

function of phosphate/dye. They found the enhancement ratio was con

stant above P/D = 20, but that it rapidly dropped by almost a full fac

tor of 3 near P/0 = 5. Under their method of analysis, the percentage 
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of energy transfer frorn DNA to the dye \:mul d also drop an equal amount, 

down to 10-15% transferred. Our 2:1 dimer:dye complex is effectively at 

P/D = 4, so we estimate that the efficiency of energy transfer in our 

complexes is only -lO%, a figure that is apparently too low for us to 

measure in the fluorescence excitation profiles, if true. 

Why the bases 3.5 to 5 base pairs away should be the most efficient 

in transferring energy to the bound ethidium ion while those closer to 

the dye are less efficient is an interesting question. The bases sev

eral base pairs avJay might be oriented in the optimum relative position 

to the dye for energy transfer, even though they are at greater dis

tances than the nearer base pairs. The orientation factor may be more 

imp01Atant than distance to the dye for the transfer. Calculations of 

energy transfer in DNA:EI complexes have been done (Paoletti & LePecq, 

1971; Genest et al., 1974; LeBr·et et al., 1977), but more \'iork in this 

area might prove illuminating, particularly on the question of energy 

transfer from the nearest and next-nearest neighbors to the dye. 
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Chapter IV 

ETHIOIUM ION BINDING WITH dCA5G + dCT5G 

l. Introduction 

Since the ethidium ion (EI) exhibited sequence dependence in 

binding to complementary ~inucleoside phosphates, the next logical 

step was to see if such specificity applied in longer sequences. Two 

separate investi0ations of binding to deoxytetranucleoside triphos

phates (Patel & Canuel, 1976) and deoxytetranucleotides (Kastrup et 

al., 1978) have been reported. In each, the binding of dye in a 

Py(3'-5')Pu site (if present) predominated over binding to other site 

types. Ethidium ion binding in ribo- and deoxyribo- oligonucleosides 

with the general sequences CAnG, CUmG, and CTmG where n and m are 5 or 

6 is under study in this lab; a preliminary report of results can be 

found in Tinoco et al. (1981 ). 

We report some CO and FDCD measurements on dCA5G + dCT5G + EI. In 

these experiments the ratio of dye to each single strand was -1/3, so 

most of the minihelices contained no ethidium ion; those that did, 

bound only one dye. Three types of binding site exist in these mini

helices: Py(3'-5')Pu (dC-dA:dT-dG, l site), Pu(3'-5')Pu (dA-dA:dT-dT, 4 

sites), and another Pu(3'-5')Pu (dA-dG:dC~dT, 1 site). Evidence from 

the dimer studies indicates that dC-dA:dT-dG is the preferred binding 

site. ~e test this hypothesis in a comparison of the FDCD spectrum of 

the heptamer complex with the spectra obtained from dimer complexes 

(Chapter II). 

2. Experimental 

A) Materials 

The deoxyribo-heptanucleoside hexaphosphates dCA5G and dCT5G were 
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prepared by the diester cl1emical method using triisopropylbenzenesul

fonyl chloride as the condensing agent (Khorana, 1968); these compounds 

were provided by Dr. Frank Martin. The molar extinction coefficients 

were calculated from the dinucleoside phosphates' and mononucleotides' 

values using the nearest neighbor approximation (Handbook of Biochem

istry_, Selected Data for Molecular Biology, 3rd Edition, CRC P.ress, 

p. 586). Molar extinction coefficients per strand were E260 79,000 

for dCA5G and E260 58,000 for dCT5G. 

Ethidium ion solutions were prepared as in Chapter II. The buf

fer for these experiments was composed of 0.2 M NaCl, 10 mM phosphate, 

pH 7.0. Two solutions of dye: alone (0.026 mM) and mixed with dCA5G 

and dCT5G (0.070 mM in each strand), were prepared in buffer for all 

experiments. 

B) ~~lethods 

Optical melts at 260 and 280 nm were run on the Gilford 250 with 2 

mm cells as described in Chapter II. Absorbance spectra in the ultra

violet (2 mm cell) and the visible (1 em cell) ~<Jere also taken on this 

instrument. CD and FDCD spectra were run in a 2 mm cell on the Cary 

60 as in Chapter III; the cutoff filter for FDCD was a Schott KV 408. 

Spectra were measured at 1, 5, 15, 25, 34, and 50°C for the absorbance 

and CD, and at 1, 25, and 34°C for the FDCD. 

Photoselection in the FDCD was tested with a linear polarizer 

mounted in front of the cutoff filter (Tinoco et al ., 1977) in one of 

two positions: polarization sense vertical (~ = 0°) and polariza-

tion sense horizontal (~ = 90°). In addition, the normal FDCD spec

trum with no polarizer was taken. Each averaged spectrum was analyzed 

via equations (1) and (2) of Chapter II with the CD and absorbance 
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spectra to obtain 6EF/sF (= gF). The three Kuhn anisotropies were then 

run in the equations of Table V to evaluate any photoselection in the 

heptamer minihelix:EI complex. Photoselected behavior was assumed if 

6E 33 ,F/EF did not randomly scatter around a value of zero across the 

spectrum. The average Kuhn anisotropy from Table V, equation (l) vias 

plotted in each case. 

3. Results and Discussion 

A) Melting of dCA5G:dCT5G:EI 

The optical melt of the dCA5G/dCT5G/EI n1ixture is shown in Figure 

4.1. The absorbance at 280 nm, which is near an isosbestic point for 

minihelix absorbance, monitors the amount of dye bound at any tempera

ture (Dr. Frank Martin, personal communication). On the other hand, at 

260 nm, the dye absorbance is low and the melting of the helix can be 

followed. The melting temperature, Tm, for the helix alone is 25 ± 

1oc, vthile in the presence of approximately 1 ethidium ion for every 

3 helices it is 27 ± l°C. The apparent melting temperature for the dye 

in the hel fx from the absorbance at 280 nm is 34 ± 1°C. The difference 

in the helix melting temperatures in the mixture can be rationalized 

with a model in which the dye molecules bind to extant double-stranded 

regions rather than remain free in solution, i.e. there is migration 

of an ethidium ion from a complex that is melting to other remaining 

minihelices (Dr. Frank Martin, personal communication). This prefer

ence for dye binding to double-stranded sites was also observed in de

natured DNA (Aktipis et al ., 1975). Under this model, at 27°C, 50% 

(ca. 0.035 mM) of the helices have reverted to single strands while 

-so% (0.020 mM) of the dye molecules remain bound; at 34oc, -20% 

(0.014 mM) of the minihelices remain and 50% (ca. 0.013 mM) of the dye 
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TAGLE V 

EQUATIONS FOR PHOTOSELECTED FDCD 

Measured Quantitiesa 

Phototube, polarizer 

orientation 

8 = 90°, no polarizer 

8 = goo, ct> = oo 

8 = goo, ¢ = goo 

\vhere 

6sF/sF = 4R/O 

6s33,F/sF = 4R3i3D 

s33,F/sF = 03/30 

aTinoco et al. (1977). 

Kuhn anisotropy 

66sF/sF + 26s 33 ,F/sF 

7 - s33,F/sF 

46sF/sF - 26s 33 ,F/sF 

3 + s33,F/sF 

6sF/sF + 26s 33 ,F/sF 

2 - s33,F/sF 

= average Kuhn anisotropy 

a Kuhn anisotropy along emission 

transition moment 

a absorption along emission transi-

tion moment 
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TAGLE V 

EQUATIONS FOR PHOTOSELECTED FDCD 

Solution for Unknowns. 

( 1 ) 

(2) 

( 3) 

o = g ate= 90° no polarizer 
~N F ' 



Figure 4.1. Optical melt of dCA 5G (0.079 m~1), dCT5G (0.079 n'l¥1), 

and ethidium ion (0.026 mM) mixture. Measurements at 260 nm 

track the nucleic acid components during the melt; those at 

280 nm track the dye only. ~1elting temperatures are 25 ± 1°C 

for the helix in absence of the dye, 27 ± 1°C for the helix 

in the presence of the dye, and 34 ± 1°C for the dye in the 

presence of the helix. 
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molecules are free in solution. Thus, up to -34°C, there is an average 

of one ethidium ion or less bound in the minihelices, a suitable situa

tion to distinguish preferences for different intercalation sites. 

Two binding curves are presented in Figure 4.2. In Figure 4.2a, 

the absorbance difference at 466 nm between ethidium ion alone and in 

the mixture is plotted vs. temperature; in Figure 4.2b, the absorbance 

Amax for dye alone and in the dCA5G/dCT5G mixture is plotted vs. tem

perature. Each mixture curve approaches an asymptotic limit at low 

temperature, indicating almost all the dye is bound there. The max

imum wavelength for fully bound dye, 518 nm, agrees with previous re

sults of dye complexes with dimers (Krugh & Reinhardt, 1975; Krugh et 

al., 1975; Reinhardt & Krugh, 1978), tetramers (Kastrup et al., 1978), 

and DNA (Waring, 1965). 

B) Circular Dichroism Studies 

The CD spectrum of dCA5G:dCT5G as a function of temperature is dis

played in Figure 4.3; in Figure 4.4, ethidium ion has been added to the 

solution. The appearance of the induced CD band above 300 nm at low 

temperatures is indicative of dye intercalation into the minihelix. 

The negative CD lobe between 290 and 300 nm increases by roughly a fac

tor of two when the dye binds in the heptamer at 1°C. The spectra be

fore and after ethidium ion binding are relatively unchanged below 290 

nm. 

After subtraction of the minihelix baseline contribution to the· 

CD, ~s per bound dye at 310 nm is ?.1 + 0.5 L/mol-rm at l°C, assuming 

all dye is bound. This value is lower than in complexes with the di

mers (Table III). Even with the apparent decrease in 6cbound when 

ethidium ion binds in a deoxyribo- sequence (compared to its ribo- an-
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Figure 4.2. Binding curves for 0.026 mM ethidium ion in the 

presence of dCA5G + dCT5G (0.070 mM in each strand). (a) 

Difference in absorbance at 466 nm vs. temperature for 

ethidium alone and in the presence of the helix. (b) Wave

length of maximum absorbance vs. temperature for ethidium 

alone and in the mixture. 

114 



(S) 
(\l 
1.1) 

WAVELENGTH <NM> 

(Sl 
(Sl 
1.1) 

liJ 
0: 
';::) ..... 
X -l:: ):( 

/ l:: 
):( ';::) 

I 
):( 

I 

IS) 
IS) . -I 

-0 -:t: ..... 
IJJ 

wu 9917 

3JN8880S8t:l 'V 

(S! 
co 
of" 

J:C+ 

+ 

+ 

. 
(\l 
I 

llG 

;:;; 
0 

"' I 

"'" a; 
--' co 
>< 

('Sl 
<S) . 
($} 
1.1) 

(Sl 
($} . 
(Sl 
('f) 

-(Sl u 
CSl • . 
(Sl -.... 

w 
0:: 
::) 
1-
cr: 
0:: 

(Sl w 
<S) Q_ . 
(Sl ~ 
1.1) w 

....... 

(Sl 
(Sl . 
($} 
('f) 



Figure 4.3. Circular dichroism spectra of dCA 5G + dCT5G mix

ture (0.070 mM in each strand) vs. temperature. Cell length 

is 2 mm. 
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Figure 4.4. Circular dichroism spectra for ethidium ion (0.026 

mM) in the mixture of dCA5G + dCT5G (0.070 mM in each strand). 

Cell length is 2 mm. Spectra at 1 and 15°C have been multi-

plied by 50 above 300 nm. 
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alogue), it is difficult to make a case for preferential binding of dye 

in the dC-dA:dT-dG site with this result. Contributions to the dye 1 S 

induced CD from bases beyond the immediate base pairs may also be sig-

nificant in longer sequences so that the dimer complexes 1 CD 1 s are not 

adequate models for comparison. 

C) FDCD Spectra of dCA5G:dCT5G:EI 

The averaged FDCD signals at two temperatures for dCA 5G:dCT5G:EI 

with and without a 1 inear polarizer are shown in Figure 4.5. The noise 

level at 34°C is higher than at 1°C; this is because half the dye pre

sent is free in solution at the higher temperature (see Figure 4.1). 

In the FDCD measurements of dimer:ethidium complexes, the spectra 

taken with a polarizer were virtually coincident with the spectrum ta-

ken without it, or at least they were equally offset from it. We see 

similar behavior in the dCA5G:dCT5G:EI complex at 34oc. This is a 

crude indication that photoselection is not occurring in the FDCD 

(Turner et al., unpublished results). The true test for photoselection 

comes in the analysis with the three anisotropies by equation (2) in 

Table V. The dimer:ethidium ion complexes showed no measurable an

isotropy along the emission transition moment axis (6s33 ,F/sF): all 

values were scattered randomly about an anisotropy of zero. The same 

result occurs for dCA5G:dCT5G:EI at 34°C; we conclude that there is no 

photoselection in these cases. For the heptamer:dye complex at 1°C, 

6s 33 ,F/sF was skewed toward a nonzero anisotropy, indicating some 

degree of photosclection. Equilibriu~ scdimcnt~tion studies of dCA5G + 

dCT5G at low temperatures uncovered evidence of aggregation by the 

minihelices (Nelson et al ., 1981). The longer rotational lifetimes of 

the aggregates are probably responsible for the photoselection at 1°C. 

120 



Figure 4.5. Averaged FDCD signals for the ethidium ion (0.026 

mM)/dCA5G (0.070 mM)/dCT5G (0.070 mM) mixture in 2 mm cell 

at 1 °C (top) and 34°C (bottom). Vertical lines represent 

95% confidence limits. 
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The average Kuhn anisotropy of dCA 5G:dCT5G:EI calculated via equa

tion (1) (Table V) is presented in Figure 4.6. The two spectra are 

similarly shaped, only the magnitudes of the bands have changed. We 

have not made the instrumental corrections necr.ssary for reducing the 

instrumental artifacts of the FDCD spectrometer which are exacerbated 

in photoselecting systems (Lobenstine & Turner, 1979, 1980). Thus, the 

results at 1°C contain some error of unknown magnitude, but we believe 

the main effect is to shift the relative position of the zero line for 

this spectrum. 

Relying on similarities between the FDCD spectra for analogous 

deoxyribo- and ribo- dimer complexes with ethidium ion, the FDCD spec

trum for dCA 5G:dCT5G:EI at l°C can be compared with the spectra for 

each of the binding sites in Figure 4.7. Here the FDCD spectra for 

CpA:UpG:EI, ApA:UpU:EI, and ApG:CpU:EI represent ethidium ion binding 

in the dC-dA:dT-dG, dA-dA:dT-dT, and dA-dG:dC-dT sites of the heptamer, 

respectively. There is no close agreement between the spectrum of the 

heptamer and one of the "site" spectra, even for the presumably pre

ferred dC-dA:dT-dG site, although the general patterns for all are 

similar. A search for the reasons behind this lack of agreement poses 

more questions than it answers. 

On an obvious level, whether the spectra for the ribo- dimers re

semble those of their deoxyribo- analogues is open to further study. 

Only two cases to date have been studied, CpG vs. dCpG and UpA vs. 

dTpA, and any similarities between the latter two were restricted to 

some parts of the spectrum. One way to escape this problem altogether 

is to take FDCD spectra with the ribo- minihelix rCA 5G:rCU5G, plus 

ethidium ion. 
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Figure 4.6. Kuhn anisotropy of a 1:1:1 complex of dCA5G:dCT5G: 

II at l°C (top) and 34°C (bottom). Vertical lines represent 

estimated errors. 
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Figure 4.7. Kuhn anisotropy of 1:1:1 complex of dCA5G:dCT5G: 

EI compared with those of dimer:dye complexes representing 

the binding sites in the heptamer minihelix. Vertical lines 

represent estimated errors. 
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Another questionable assumption is the maintenance of relative 

preferences for ethidium ion binding to the different types of sites. 

The relative preferences for binding from dimer studies are 50:1 .6:1 

for the dC-dA:dT-dG, dA-dG:dC-dT, and dA-dA:dT-dT sites, respectively 

(ignoring the deoxyribo- vs. ribo- question). Tinoco and co-workers 

(1981) found that the best fits to melting curves of ethidium ion in 

dCA5G:dCT5G or rCA5G:rCU 5G were obtained by assuming the dye bound pre

ferentially in the Py(3'-5')Pu site relative to any of the Pu(3'-5')Pu 

sites. This site's binding constant was only 10 times larger 

than those for the other sites, a preference less than that seen in the 

dimers. In any case, there is some dye bound in sites other than the 

dC-dA:dT-dG site. Thus, the FDCO signal is partly from each of the 

three types of sites. For more than one fluorescent species, the Kuhn 

anisotropy, gF, is given by 

gF = \\p.C.l\s·I"¢·C·E> 
L...ll lL...111 

(4) 

i i 

where 6s; is the molar CO of species i, s; is the molar extinction co

efficient of species i, Ci is the molar concentration of species i, and 

¢i is the quantum yield of species i (Tinoco & Turner, 1976). Even 

with the assumption of equivalent quantum yields for each site, this 

expression is not simply a concentration-weighted average of individual 

site anisotropies. Resolution of contributions from individual sites 

is an onerous task requiring more experimental evidence than is pre-

sently available. 

It is apparent from this attempt to measure preferential dye bind

ing in oligomers by FOCO that the sequence must be carefully chosen. 
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There must be a strong preference for ethidium ion binding to one of 

the sites and/or the number of different site types must be minimized. 

A further factor which may complicate the picture in the current case, 

or any other, is possible contributions to the CD spectrum from bases 

further away from the dye than those in the binding site. Dye bind

ing to sequences such as An + Un where n = 2 to -10 would be useful 

in examining the effects of bases beyond the nearest neighbors and/or 

other bound dye molecules on the FDCD spectrum of the complex. 
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Chapter V 

COUNTERION EFFECTS ON DNA:ETHIDIUM ION COMPLEXES 

1 . Introduction 

The DNA molecule, a polyanion, is sensitive to cation concentra-

tion. In general, double-stranded nucleic acids are stabilized by 

higher counterion concentrations (see Bloomfield et al., 1974, for 

review), and large conformational changes in DNA with salt/solvent 

conditions have been observed, as in the B form to A form transition 

(Ivanov et al., 1973; Ivanov et al., 1974) and the B form to C form 

transition (Ivanov et al., 1974). Application of polyelectrolyte 

theory to DNA properties in different salt concentrations has been 

done; one of the more successful theories is that of Manning (1978, re-

vi evl). 

The ethidium iom, a cation, is sensitive to the salt concentra-

tion when binding to DNA (LePecq & Paoletti, 1967; Aktipis & Kindel is, 

1973; Houssier et al., 1974). Furthermore, in addition to the normal 

intercalation binding with DNA, there is a weaker, outside binding 

associated with ethidium-DNA electrostatic interactions (Waring, 

1965). Such binding becomes predominant at high dye-to-phosphate ra-

tios. 

The induced circular dichroism (CD) of ethidium ion (EI) bound to 

DNA as a function of added salt has been studied previously. Aktipis 

and Kindelis (1973) observed no change with ionic strength in the 
307 llsbound vs. r curve (Figure 1.5). In this study they increased the 

NaCl concentration from 0 to 5 M in a basal buffer of 0.04 M tris-

HCl, pH 7.9 for the DNA/dye solutions. Houssier and co-workers 
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(1974), 1vorking in 0.1 M and 1 nJ1 r,JaCl buffers, found coincident 

308 L'lt:bound vs. r curves for the induced CD of ethidium ion; however, 

their binding curve was at slightly higher values of ~sbound relative 

to that of Aktipis and Kindelis (1973). ~1ore recently, Pardi (1980) 

compared the magnitude of the induced CD at 307 nm for E. coli DNA/ 

ethidium ion complexes at the same binding ratio, but in different 

salt solutions. He found that ~sbound was larger for the same complex 

in 0.6 mM Na+ than in 50 to 500 mM Na+, suggesting that there may ac-

tually be an ionic strength dependence for the bound dye's induced CD. 

In a CNDO/S study of the optical properties of ethidium ion, LeBret 

and Chalvet (1977) found that the shift of the dye's visible absorp-

tion band upon intercalation in DrlA vJas almost entirely due to inter-

action of the dye with the phosphates of the DNA backbone. These last 

two wol~ks suggest that electrostatic interactions betv;een charged 

groups and the bound dye may be very important in determining its op

tical properties. 

We have run a series of experiments designed to further investi-

gate the ionic strength dependence of the ethidium ion's induced CD 

when bound in DNA. We use the approach of Pardi (1980), vJho first di

alyzed DNA samples against doubly distilled water to remove excess 

counterions from the DNA. This enables us to achieve lower effective 

Na+ concentrations when the DNA is finally diluted in the buffer. Our 

results qualitatively support his: at lower counterion concentrations, 

tc.s per bound dye increases relati,;e to measurements made in higher 

counterion concentrations, all other things being equal. Applying 

Manning's theory (1978) to the DNA./EI corrplexes, \'le calculate the ef-

fective counterion concentrations in the "bound" and "free" states and 

131 



discuss a possible correlation between these electrostatic properties 

and the induced CD of the dye. 

2. Experimental 

A ) Materia 1 s 

Calf thymus DNA was purchased from Worthington Biochemical. A 

stock solution was prepared with -200 mg of the DNA in -200 ml of buf

fer (100 m~·1 NaCl, l m~~ tris, l mM EDTA, pH 7.5). This solution was 

kept in the cold. Ethidium bromide was prepared as in Chapter II. All 

dye stock solutions were in doubly distilled water; their concentra

tions were bet\veen 0.4 and 2.5 m'Vl. 

Buffer solutions of NaCl I tri s ( hydroxymethyl) ami nome thane were 

all mixed with doubly distilled water in prerinsed glassware. A high 

salt solution of 100 mr~1 NaCl, 1.0 mt·~l tris was prepared in a volumetric 

flask by dilution of an aliquot of 0.10 mt~ tris-HC1 buffer, pll 7:6 

(Sigma) and a weighed amount of NaCl (Sigma). The pH of the solution 

was 7.6 as measured with a glass electrode (Sigma) attached to a pH 

meter (Radiometer). A second buffer (1.0 mt•1 NaCl, 10 )J~1 tris) vJas 

prepared in the same fashion; the low salt solution of 0.1 mM NaCl, 

1.0 )JM tris was made by dilution of this stock with doubly distilled 

water. The pH of this solution was -6.5. 

B) Methods 

i) Dialyses 

Calf thymus DNA was dialyzed to remove excess counterions follow-

ing the approach of Record (1975). Preliminary phenol extractions on 

the DNA showed no contaminating protein was present; the A260;A280 ra

tio for the DNA was 1.9. Aliquots (5-10 ml) of DNA stock solution 

were sheared by repeated passage through a 30-gauge Teflon needle, af-
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ter which they were tied in dialysis tubing (VWR Scientific) cleaned 

by the method in Brewer et al. (1974). 

All dialysis solution volumes were -4ox the original volume of 

DNA in each bag. Each sample vws dialyzed in the cold for 24 hours 

against the original buffer (100 m~1 NaCl, 1 mi~ tris, 1 m~~ EDTA, pH 

7.5), followed by another run vs. the same buffer without the EDTA. 

Next, four successive 24 hour dialyses vs. doubly distilled water were 

run to remove excess sodium ions. Samples \vere removed from the tubes 

and stored in the cold in sealed flasks. 

Possible DNA denaturation during the dialysis was tested with op

tical melts on the Gil ford 250. Samples vJere first degassed by bub-

bling with helium. In Figure 5.1 the melting curves for dialyzed and 

undialyzed samples at 1:5 dilution in the high salt solution are dis-

played; the dialyzed sample possesses a higher pre-melt baseline be-

cause of dilution of the DNA stock during dialysis. The melting tem

perature for each sample is around 83°C. The expected melting temper

ature in 200 m~~l Na+ is 86°C (r'/1armur & Doty, 1962), based upon the 42% 

G+C content of calf thymus DNA (Chan et al., 1979); since the salt 

content in our experiments is only 80 ~M Na+, the actual melting tern-

perature is slightly lower than the prediction, as expected. The 

breadth of the transition, defined as the inverse of the transition 

slope (Record, 1975), was ll°C for each. 

To more accurately compare any differences between the two sam-
250C 90°c ples, the hypochromicity, h, defined as 100(1 - A260 /A260 ), was 

calculated for each sample. For the undialyzed case, h260 = 20%, 

vJhile for the dialyzed case, h260 = 16%. These values are both less 

than the commonly reported values for double-stranded nucleic acids 
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Figure 5.1. ~1el ts of calf thymus DNA stocks before (D) and 

after (X) dialysis to remove excess Na+ ions. Aliquots of 

stacks v;e re diluted to 5x their vo 1 ume with l 00 m~,1 Na Cl , 

1.0 mM tris. Actual NaCl concentration is -ao mM for the 

dialyzed sample, 100 m~1 for the undialyzed sample. Ab

sorbances at 260 nm and 25°C are 0.69 for the dialyzed 

sample and 0.94 for the undialyzed sample; cell length is 

2 mm. 
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(Bloomfield et al., 1974), indicating some denaturation of the DNA 

sample might have occurred before the dialysis. The decrease in the 

hypochromicity after dialysis indicates further denaturation of the 

stock occurred. Nonetheless, the fact that there is a large popula

tion of double-stranded structures in the dialyzed stock, as wit

nessed by the melting curve, and that the dialysis procedure is repro

ducible allows us to prepare and use DNA samples by our method with 

confidence. 

ii) Spectral Studies 

The concentration of calf thymus DNA after dialysis was measured 

by diluting aliquots vJith 100 tnl'~ NaCl, 1 mM tris, pH 7.6 and taking 

the absorbance spectrum. For the DNA at 260 nm, an extinction coef

ficient per residue of 6600 L/mol-cm was used (Mahler et al., 1964). 

Con centra ti ons of ON!\ in subsequent measurements \'lerE:: ca 1 cul a ted from 

the dilution factor of the stock. DNA and dye mixtures were prepared 

with micropipets (Pipetman) and volumetric flasks. All volumes were 

checked by weighing the flask after each addition. 

Scatchard analyses for the determination of ethidium ion binding 

constants with DNA were performed as in Waring (1965). Absorbance 

spectra in the visible region were taken in 1 em quartz cells, digit

ized, and stored as in Chapter II. The temperature in the sample 

compartment was 25.0 ± 0.5°C during the measurements. CD spectra of 

the DNA/EI solutions at either constant dye or constant DNA concen

trations were run on the Cary 60 in l em or 2 em cells. The temper

ature was maintained at 25.0 ± 0.2°C by thermoelectric cooling. Spec

tra were acquired, digitized, and stored as in Chapter II, also. The 

small contribution from the DNA to each spectrum was subtracted be-
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fote the spectra vvere converted to the molar CD per bound dye basis. 

iii) Theory 

The theory of polyelectrolyte solutions and counterion condensa-

tion has been actively developed over the past fifteen years. We use 

the·work of Manning (review, 1978) in our analyses. 

A linear polyelectrolyte is characterized by a regular arrange-

ment of charged groups along the length of the molecule. In DNA 

these groups are the phosphates and each possesses a formal -1 charge. 

The strong electrostatic repulsion forces between the groups are eased 

by condensation of a counterion on the macromolecule; incomplete bind-

ing of counterions in the equilibrium state strikes a balance between 

the n:aximization of entropy by counterion dissociation and rninimiza-

tion of charge-charge repulsion energy by binding. The condensed 

counterions migrate freely along the mo.cro:nz)lecule and are in equi-

librium with the uncondensed counterions; no site binding is invoked. 

In Manning's treatment, the linear charge density of the poly-

electrolyte, b, is the parameter governing the extent of counterion 

condensation through the dimensionless parameter ~= 

~ = q2/E:kTb (= 7.1/b in vJater at 25°C) ( 1 ) 

where q is the electronic charge, s is the bulk dielectric constant 

of solvent, k is Boltzmann's constant, T is the Kelvin temperature, 
0 

and b has the units of Angstroms/charge. Condensation of counterions 

will occur if ~ > 1, thus decreasing the 1 inear chJrge d2nsity, and 

stop when ~ = 1. The effective charge per group is then (N~)-l where 

N is the absolute value of the counterion valence. Once the polyions 

are stabilized via the condensation, the interactions between them 
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and the remaining ions are amenable to the Debye-Huckel analysis. 

r~anning's theory thus separ'ates the counterions in a polyelectro-

lyte solution into two classes: 1) those which are condensed or 

11 bound 11 to the polyion to ease the charge-charje repul sian and 2) 

those VJhich are 11 free 11 in the remainder of the solution and interact 

with the partially charge-neutralized polyion according to the Debye

Huckel approximation. 

For native DNA in the B form, the rise along the helix axis per 
0 

base pair is 3.4 A and there are two phosphate groups with -1 ch~rges 

0 
in this distance. Therefore, b is 1.7 A and 1; is 4.2 (~1anning, 1972). 

Condensation of Na+ ions occurs in this case and the fractional char

ge per phosphate is reduced to ~;- 1 = 0.24 by the 11 binding 11 of 0. 76 

Na+ ions per phosphate. 

One consequence of this theory is important for our purposes: if 

the density of charge on the polyelectrolyte is changed, the extent of 

counterion condensation will change. The ethidium ion carries a +1 

charge and ·intercalates between base pairs of the DNA for r < 0. 25 in 

the neighbor exclusion model. Thus, intercalation of the dye reduces 

the polyion charge density in two ~vays: by a formal neutralization of 
0 

one of the -1 phosphate charges and by lengthening the helix 3.4 A 

for each bound dye. With this simple model of dye binding, an ex-

pression for the average axial distance per charge as a function of 

the binding ratio r (up to the ~eighbor exclusion limit of r = 0.25) 

is 

b = [l + 3r/(l - r)] (2) 

0 
where b is in Angstroms. This relation is derived in Appendix D. 
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Several other quantities of interest are also derived by ~1anning. 

The number of counterions associated per fixed charge (in a 1 :1 salt 

like NaCl) is 

(3) 

The volume surrounding the polyelectrolyte ~vithin which the counter-

ions are considered ''bound 11 is 

3 Vp = 41.1(,;- l)b ( 4) 

where VP is in cm3/mole phosphate if b is in ~ngstroms. The radius of 

a cylinder with volume VP and length b aligned axially along the poly

ion length is 

0 
where a is in Angstroms and LAva is Avogadro's number. The local ef-

fective counterion concentration viithin Vp is 

Cloc = 1000 e /V (6) 1 l p 

where C~oc is in moles/liter. These equations are all valid for na

tive DNA and a total counterion concentration (1:1 salt) under 100 mM; 

we will apply them to DNA bound with intercalated dye. 

3. Results 

A) Stability of DNA 

The stability of the dialyzed DNA in the Scatchard and CD ex-

periments' conditions was tested via melts of representative solutions 

made with each of the t1t10 buffers. In Figure 5. 2 the melts for 0. 31 

mM calf thymus DNA prepared by dilution of the dialyzed stock with 

139 



Figure 5.2. Melts for dialyzed calf thymus DNA (0.31 mM) 

prepared with solutions of 0.1 mM NaCl/1.0 ]1~1 tris (X) and 

100 mt~ NaCl/1.0 m~~ tris (0). The Tm is 45 ± l°C in low 

salt (-0.45 mt~ Na +) and 80 ± l °C in high salt (80 mt·1 NaCl). 

Absorbances (2 mm cell) at 25°C and 250 nm are 0.41 and 

0.39 for the low and high salt solutions, respectively. 
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either 100 mr'1 NaCl/1.0 mr,1 tris and 0.1 mM NaCl/1.0 JJM tris are pre

sented. The Tm for the DNA in the high salt case is 80 ± l°C, while 

in the low salt case it is 45 ± 1 °C. At the temperature of the Scat

chard and CD experiments, 25°C, the DNA remains double-stranded ac

cording to these results. 

A point requiring clarification in this chapter is the value of 

the total sodium ion concentration in the DNA/dye solutions. Dialy

sis of the DNA vs. doubly distilled water removed a large number of 

sodium ions from the solution, but the Donnan effect requires some 

to remain with the nucleic acid above the amount needed to maintain 

charge neutrality. For example, Record (1975), in the dialysis of 

T4 DNA vs. doubly distilled 'dater, found that 2.5 r~a+ ions per phos

phate remained in the solution after 18 hours. In a preliminary ex

periment, vve analyzed for ~·la + \vith atomic absorption spectroscopy. 

Our results indicated that roughly 1.2 Na + ions were present per Df,lA 

phosphate. The important point is that the total Na+ concentration 

in solution is not that of the buffer because of these counterions 

associated with the DNA and also becuase of dilution of the buffer 

(80% or more of the final solution volume is from the salt solution). 

With the constant DNA concentration (0.31 mM) employed in the low 

salt CD studies, the Na+ concentration is at least 0.45 mM, depending 

upon the reliability of the Na+ analyses. In the high salt solutions 

the Na+ concentration is 80 mM or greater and the Na+ contribution 

from DNA is minimal. 

B) Binding of Ethidium Ion to DNA 

Constant amounts of ethidium ion were titrated with DNA in the 

two salt solutions at 25°C. Absorbance spectra at each salt level are 
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shown in Figures 5.3 and 5.4. The total dye concentration is near 

0.03 m~1 and all is bound in -o.5 m~l DNA. The isosbestic points near 

394 and 510 nm are indicative of two states for ethidium ion: free in 

solution and bound to the nucleic acid. For fully bound dye, the 

visible wavelength of maximum absorbance is 520 nm, a result which is 

in agreement with previous studies (Waring, 1965). 

For ligands binding independently to equivalent sites on a mac

romolecule, the equilibrium betvveen bound and free ligands is given 

by the Scatchard (1949) equation: 

r/cf = Kn - Kr (7) 

where r is the ratio of bound ethidium ion per DNA phosphate, cf is 

the free dye concentration in moles/liter, n is the total number of 

binding sites per DtlA phosphate, and K is the binding constant. The 

concentration of free dye is calculated from the total concentration 

of dye and the quantity Amix- Adye' measured at 465 nm; this last 

quantity gives a measure of the amount of dye bound in a tvvo-state 

analysis. The DNA concentration is calculated from the dilution fac-

tor as mentioned earlier. 

The Scatchard plot for calf thymus DNA/EI mixtures prepared with 

the 100 mM NaCl/1 .0 mM tris buffer is shown in Figure 5.5. Again, be

cause the salt solution is diluted in mixing with DNA/dye, the Na+ 

concentration is less than 100 mM; the median value for the counter

ion concentration is 86 mM Na+. 

A least squares fit to the data yields an equilibrium constant of 

9.7 (± 0.7) x 105 M-l and 0.20 ± 0.02 binding sites/phosphate. This 

result is in fair agreement with LePecq and Paoletti (1967), who ob-
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Figure 5.3. Titration of 0.032 mt~ ethidium ion (D) with 

dialyzed calf thymus DNA. DNA concentration as phosphate: 

(0) 0.015 mM 

(X) 0.030 mM 

(\7) 0.045 mM 

(+) 0.076 mt~ 

( 0) 0.50 mM 

Solutions were prepared with 0.1 mM NaCl, 1.0 ~M tris; the 

actual Na+ concentration depends upon DNA concentration. 
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Figure 5.4. Titration of 0.033 m~1 ethidium ion (0) with 

dialyzed calf thymus DNA. DNA concentration as phosphate: 

(0) 0.054 mM 

(X) 0.11 mM 

(\7) 0.14 mM 

(+) 0.19 mM 

( 0) 0.53 mM 

Solutions were prepared with 100 mM NaCl, 1.0 mM tris; the 

actual Na+ concentration depends upon DNA concentration. 
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Figure 5.5. Scatchard plot for ethidium ion binding in 

di a 1 yzed ca 1 f thymus or~A at 25 oc. Buffer used is l 00 

mM NaCl/1 .0 mM tris; the median Na+ concentration is 

-s6 mM for points fitted by least squares routine. 

Vertical lines represent estimated errors. Least 

squares fit to all points except for those above r = 

0.19 is represented by sloping line. For this fit, 

K = 9.7 (±0.7) x 105 M-l and n = 0.20 ± 0.02. 
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5 -1 tained a dye binding constant with calf thymus DNA of 6.6 x 10 M 

a t 2 3 o C i n 9 0 mf\1 N a+. 

In the mixture prepared \vith the low salt solution (0.1 mM NaCl, 

1.0 uM tris), all solutions with total dye/DNA phosphate< 0.25 dis-

play coincident absorbance spectra that are characteristic of fully 

bound ethidium ion. The equilibrium constant in this case is too large 

to be measured by this method. Previous workers (LePecq & Paoletti, 

1967; Aktipis & Kindel is, 1973; Houssier et al., 1974) found that the 

equilibrium constant for ethidium ion binding to DNA increased as the 

counterion concentration decreased. For our purposes, it is suffi-

cient to say that all dye is bound to the nucleic acid at dye/phos-

phate ratios belov1 0.25 in our lovJ su.lt solutions. For the CD so

lutions with a constant DNA concentration and variable dye concentra-

tions in the low salt mixtures, the measured absorbance spectra all 

resemble that of fully bound ethidium ion. 

C) Induced CD of DNA/Ethidium Ion Complexes 

The induced CD spectra of ethidium ion bound to calf thymus DNA 

in the tvJO different salt solutions are shovm in Figure 5.6. Two 

features are apparent upon inspection and comparison of the spectra. 

The first is the relative constancy of ~sbound at 375 nm, especially 

in the high salt mixtures. Comparison of spectra at the same binding 

ratio in the two salt solutions turns up the second feature: M:bound 

is greater in the lower salt concentration at either 307 or 330 nm 

relative to the high salt case. 
307 The increase in ~sbound with r, the binding ratio, is shown in 

Figure 5.7. The curve assembled from the previous studies of Dal-

gleish et al. (1971) and Aktipis and co-workers (1973, 1974L which 
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Figure 5.6. Induced CD spectra of DNA/EI complexes at dif-

ferent binding ratios and salt concentrations. + Na con-

centrations are -s6 mM (median value, top) and -o.45 mM 

(bottom). 
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Figure 5.7. Variation of the magnitude of the induced CD 

per bound dye at 307 nm with the extent of ethidium ion 

binding and counterion concentration. Spectra run in 

solutions prepared with 0.1 m~1 NaCl/1.0 f.l~1 tris (X) have 

actual Na+ concentration of -o.45 mM. Spectra run in 

solutions prepared vJith 100 m~l NaCl I 1.0 mM tris ~:)) have 

median Na+ concentration of -sG mM. Vertical lines re-

present estimated errors~ solid line represents a synthe

sis of data from previous studies of Dalgleish et al. 

(1971) and Aktipis and co-workers (1973, 1974). 
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were all at counterion concentrations of 40 mM or greater is also 

shown. Our data in the high salt case agree with previous results, 

although we generally obtain slightly higher values of ~Ebound (-1 L/ 

mol-em) throughout the range of our mixes; Houssier et al. (1974) 

obtained slightly higher ~E 3b08 d values also. Our low salt curve is oun 
in direct conflict with these previous studies: we find a change in 

307 the ionic strength of the mixture affects the magnitude of ~Ebound' 

In the low salt solution, the induced CD at 307 nm is larger than in 

high salt, all things being equal. Furthermore, the difference be-

tween the two cases grows as the extent of binding increases. 

We believe past failures to observe an effect on ~E~~~nd from 

different salt concentrations is attributable to the conditions used 

to vary r: constant dye and variable DNA concentrations. Variable 

DNA concentrations necessarily alter the effective counterion con-

centration; at lo~ver salt concentrationsthese alterations can be siz-

able, often increasing the effective counterion concentration many-

fold, as in this study. vlhen \ve measured the induced CD of ethidium 

ion in the DNA/dye mixtures from the Scatchard analyses at low salt, 
307 the ~Ebound vs. r curve (data not shown) closely resembled that of 

the high salt solution. This was especially true at lower r values 
+ where the amount of added DNA (and hence, added Na ) was larger. 

Only when we kept the DNA concentration constant could we be sure of 

maintaining a fixed Na+ concentration throughout the range of r val-

ues. The fact that the dye is completely bound to the DNA under cur 

experimental conditions allowed us to take this approach. At higher 

salt concentrations, 10 mM or greater, the variable DNA concentra

tion in solutions from Scatchard analyses is less of a problem: the 
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Na + con tri buti on from the DNA aliquot is a sma 11 er fraction of the 

total counterion concentration. 

D) Counterion Changes with Dye Binding 

The ability to alter the magnitude of 11s 307 in DNA/ethidium buund 
ion complexes by simply lowering the counterion concentration is an 

intriguing observation. This phenomenon suggests that charged groups, 

either the counterions or the phosphate groups, or both in concert, 

may be responsible in part for these variations, and quite possibly, 

th . . 307 . th . . e 1ncrease 1n !1sbound w1 1ncreas1ng r. We employ polyelectrolyte 

theory to examine this question. We begin our analysis from the view

point that electrostatic interactions between the ionic groups and 

the dye are solely responsible for variations in the CD spectrum with 

binding ratio. vie v1ill discuss other effects later. 

The average axial distance per charge calculated via equation 

(2), and the effective charge/phosphate, ~-l, from equation (1), as a 

function of the extent of ethidium ion binding in DNA are presented 

in Figure 5.8. The combined effects of helix lengthening and charge 

neutralization result in a doubling of the effective phosphate charge 

in fully loaded DNA (r = 0.25) compared with unaltered DNA (r = 0.00). 

-1 The values of b and ~ , together with other quantities of interest, 

are presented at discrete values of r in Table VI. 

According to these calculations, the interaction of ethidium ion 

causes a decrease in the condensed charge/phosphate ratio and an ex-

pansion of the volume within which the cnunterions are considered 

''bound 11
• The net result of these bJo effects is a steep drop in the 

lac effective local concentration of the counterion, c1 , as the extent 

of binding increases. The counterions are divided into two classes 
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Figure 5.8. Calculated distance per phosphate (b) ·and 

fractional charge per phosphate (~- 1 ) vs. binding ratio 

for ethidium ion intercalation in DNA. Equations (1) 

and (2) were used to create curves. 
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TABLE VI 

CONDENSED ION PARA.~ETERS FOR DNA/ETHIDIUM ION COMPLEXES 

Bound dye/phosphate (r) 0.00 0.05 0.10 0.15 

0 0 0 0 
Axial distance/phosphate (b) 1. 70 A 1 .97 A 2.27 A 2.60 A 

Charge/phosphate (s-1) 0.239 0.277 0. 319 0.366 

Counterions/phosphate (e1) 0. 761 0. 723 0. 681 0.634 

Bound ion volume/mole phosphate (Vp) 643 em 3 820 cm3 1026 cm3 1251 em 

0 0 0 0 
Bound ion radius (a) 14 .l A 14.8 A 15.4 A 15.9 A 

Local counterion concentration (C~ 0c) l .18 M 0.88 M 0.66 ~·1 0. 51 ~1 

0.20 

0 
2.98 A 

0.419 

0. 581 

3 1508 cm3 

0 
16.3 A 

0.38 M 

0.25 

0 
3.40 A 

0.479 

0.521 

1 75 7 em 

0 
16.5 A 

0. 30 ~1 

3 

(Jl 
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in Manning's approach to polyelectrolyte properties: 1) those condensed 

on the macromolecule and 2) those remaining free in solution. In the 

current case~ consideration of our results using these two classes is 

very helpful. The locally condensed counterio'ls (and the phosphate 

groups) should exert a large influence upon the electronic properties 

of the bound dye molecule: they are physically closer to the binding 

sites and their concentration is much larger than those free in so-

lution (and even the totaL counterion concentrations for our exper-

iments). The abnosphere of uncondensed counterions, which extends 

outward from the outer radius of the condensed ion volume (a), should 

exert smaller effects upon dye electronic properties, because of both 

its greater distance from the binding sites and also its lower effec-

tive concentration. 

Om~ of the main tenets of r1anning's theory is the str·ict require-

ment for counteri on condensation to relieve the charge-charge repul-

sions in the helix backbone of DNA; condensation will occur even to 

the point of virtual depletion of the counterion in the Debye-Huckel 

atmosphere (~1anning, 1977). For the Na+ concentrations employed in 

our study, -o.45 mM and -s6 mM, this requirement applies and its con

sequence is simple: in both solutions the local concentrations of 

condensed counterions are those calculated in Table VI. Thus there 

is no difference between the two salt solutions at the level of the 

strongest electrostatic effect from the counterions on the dye, de~ 

spite the vastly different total ccunterion concentrations. 

A possible correlation between the local counterion concentration 

and the magnitude of Ls 3b07 
d. exists: the local counterion concentraoun 

tion decreases as both the extent of binding rises and, by extension 
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to the experimental results, L.s;~~nd rises. The locally bound coun

terions, together vJith the phosphates, constitute the source of a 

perturbing field on the bound dye. This field may be responsible for 

the variations ir L.cbound with r between 300 and 350 nm since the 

local counterion concentration varies with r. To restate and general-

ize the correlation: higher counterion concentrations cause lower 

magnitudes in the induced CD between 300 and 350 nm of ethidium ion 

bound in DNA. 

To qualitatively examine the possible effects of the Debye-H~ckel 

atmosphere on the induced CD, we estimated the total Na+ concentra-

tion in the low (-0.45 mM) salt and high (-86 mM) salt solutions. 

Using the binding data for DNA/EI complexes in Table VI, we calculate 

+ the amount of Na ions removed from solution during condensation by 

multiplying the counterion/phosphate ratio, e1• by the total DNA con

centration (0.31 mM). Subtraction of this quantity from the total 
+ Na concentration provides an estimate of the concentration of ions in 

the Debye-H~ckel atmosphere that interact with the partially neutral-

ized polyions. These values are presented at each r value in Table 

VI I. 

The immediately obvious effect is the absence of any significant 

change at high salt in the Debye-Huckel atmosphere Na+ concentration 

from the bulk Na+ concentration in solution. This is due to the low 

concentration of DNA relative to the salt concentration. Converse-

ly, the removal of Na+ ions by condensation in low salt causes signif-
+ icant (30% to 50%) reductions in the concentration of free Na . We 

said earlier that any field due to these free counterions will be a 

weaker perturbant of the bound dyes' optical properties than the con-
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TABLE VII 

DISTRIBUTION OF COUNTER IONS IN DNA/ETHI DIUM ION ~1IXTURES 

Bound/phosphate (r) 0.00 0.05 0.10 0.15 

Counterions/phosphate (e1) 0.761 0. 723 0. 681 0.634 

Condensed counterionsa 0.24 mM 0. 22 mM 0.21 mM 0.20 ml~ 

Free counterions, low saltb 0.21 mM 0. 23 mr~ 0.24 mlvl 0. 25 rrJ.1 

Free counterions, high saltc 86 mM 86 mM 86 m~1 86 mM 

local counterion concentration (C~ 0c) l .18 M 0. 88 ~1 0.66 M 0.51 M 

aDNA concentration (0.31 mM) x e1 
bTotal counterion concentration = -o.45 mM Na+. 

cTotal counterion concentration = -86 mM Na+. 

0.20 

0. 581 

0.18 mM 

0.27 mM 

86 mM 

0. 38 t1 

0.25 

0.521 

0.16 mM 

0.29 mM 

86 mM 

0. 30 ~1 

Q) 
N 



densed ions because of both their greater distance and lov1er concen-

tration. Comparison of the effective concentrations for the local 

and free counterions shows a tremendous difference between the two 

domains of up to four orders of magnitude. 

The Debye-Huckel atmosphere and its potential field may be re

sponsible for the difference between the ~s~~~nd vs. r curves in the 

different salt solutions (Figure 5.7). In this case, the low salt 

curve, for v1hich the free counterion concentration is lov1er than in 

th h . h l t 1 t. h . t tl h . h 1 f 307 . e 1g sa so u 1on, as cons1s en y 1g er va ues or ~sbound 

at equal values for r. This free counterion field seemingly affects 

the dye CO just like the local counterion field: lower counterion 

concentrations cause larger magnitudes in the induced CD between 300 

and 350 nrn, all other things being equal. Hov:ever, because these 

effects are weaker for the counterions in this atmosphere, the local 

counterion field remains the predominant perturbant. Thus, the shape 
307 of the 6sbound vs. r curve remains generally the same in each case; 

the effect of the weaker field is to displace the curve in low salt 

to higher ~sbound values: 

4. Discussion 

From the viewpoint of electrostatic effects, we have only con

side red interact ions between the dye trans it ions and the potentia 1 

fields of the counterions, both condensed and free. Possible signif

icant correlations between the magnitude of the induced CD in the 

near UV and the strength of these fields (as measured by the ion con-

centrations) are evident in our results. The fields attributed to 

these counterions are but a part of the total electrostatic picture 

and the ions are only well-characterized along a radial direction 
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from the helix axis; they are not bound in any specific fixed site 

Ulanning, 1978) relative to the intercalated dye. 

~·Je have ignored the geometrically ''fixed 11 charge groups in the 

nucleic acid/dye complex. These groups are the phosphates, each with 

a -1 charge (the nucleic acid plus condensed ions constitute the spe

cies of interest for the polyelectrolyte theory, but the formal 

charges on each ionic group have not been removed), and other inter

calated ethidium ions, each with a +1 charge. Each phosphate (two 

in all) connecting the nucleosides comprising the two nearest neigh

bor base pairs of the binding site and probably each phosphate (four 

more) in the i~mediately adjacent sites excluded from binding are 

geometrically invariant relative to the dye, no matter VJhat the bind

ing ratio, and so contribute to the CD as part of the asymmetry of 

the site. Phosphates farther a.v.;ay than tv10 base pairs, and other 

dye molecules, constitute a possible binding ratio-dependent elec

trostatic contribution to the total induced CD of the ethidium ion 

because the relative position of these groups to a bound dye will 

depend upon how far they are from the dye and the extent of binding. 

This contribution to the total electrostatic potential field, to

gether with that of the counterions, represents an attractive mechan

ism for the binding ratio dependence of the near UV induced CD in 

DNA/EI complexes. This theory ~t1as proposed by Lee and co-workers 

(1973), who recognized the possible role of other dye molecules in

tercalating near previously bound dye. ~le have taken it a step 

further and introduced the counterions' contributions to the per

turbing field. 

The geometry of DN,ll, in aqueous solution (Bram & Beeman, 1971; 
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Brc:un, 1971) is very similar to the 8 form geometry obtained in fiber 

diffraction studies (Arnott & Hukins, 1972). The solution geometry 

of the DNA was also independent of ionic strength between the values 

of 50 to 150 mM NaCl in wide-angle X-ray scattering experiments (Bram, 

1971) and between the values of l .3 to 200 mM NaCl in viscosity mea

surements (Rosenberg & Studier, 1969). These types of measurements 

are not as sensitive to sma1l changes in the double helix geometry as 

the CD spectrum is. Recently, Johnson et al. (1981) reported a study 

in which magnitude changes in the CD band at 275 nm for nucleic acids 

were correlated with changes in the helix winding angle and the pro

pe 11 er angle ( tvvi st) between the two bases in a base pair. 

We measured the CD of our dialyzed DNA in the two salt solutions 

used in the induced CD study (data not shown). There was a decrease 

of -lo~s in the magnitude of the long v1avelength CD band when measured 

at lov;er salt concentrations. Pardi (1980) saw a comparable effect 

in his study with E. coli DNA. These decreases are due to conforma-

tional changes in the DNA: most likely a slight decrease in the pro

peller angle and/or a slight increase in the winding angle (Johnson 

et al., 1981). These different geometries of the nucleic acid can 

affect the induced CD of the dye in other ways besides the effects 

due to different geometries for the charged groups relative to the 

dye. Any significant interactions betvveen the bound dyes and bases 

farther from the base pairs of the binding site would also be af-

fected. This is a second possiblity for the origin of the difference 
/ 307 

between the ~Ebound vs. r curves we measured earlier (Figure 5.7). 

The difficulty in trying to decide between the relative importance of 

different geometries vs. charge effects as the source of induced CD 
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variations lies in the interconnection of the two: a change in one 

necessitates a change in the other. CD calculations offer the best 

chance for resolving the question. We discuss this further in the 

next chapter. 
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Chapter VI 

CONCLUSIONS 

1. The Problem Revisited 

We began this dissertation with the intention of settling two 

questions about the induced circular dichroism (CD) of ethidium ion in 

nucleic acids. First, 1vhat is the contribution of the inherent asym-

metry of the intercalation site to the induced CD of the ethidium ion 

between 300 and 350 nm? Second, what possible mechanism(s) account 

for the increase in the molar CD per bound dye (6sbound) at 307 nm 

as the extent of binding increases? The two hypotheses presented up 

to the time of this writing address the second question more than 

the first. One of them, the dye-dye exciton mechanism (Aktipis & Kin

delis, 1973; Houssier et al., 1974), holds that the site asymmetry 

CD contribution is small and the greater likelihood of dye-dye inter

actions at higher binding ratios accounts for the increase in 6sb d' oun 
The second mechanism links increases in the induced CD of the dye with 

the changes intercalation produces in the potential field or environ-

ment of the bound dye(s) (Lee et al., 1973). In the course of this 

study we have obtained new evidence bearing upon each of these hy

potheses. \~e will review these discoveries and their implications, 

after which we will propose a model which may be the answer to the 

questions above. Finally, we propose some experiments which will test 

our model or provide some useful information. 

2. New Evidence Bearing on the Problem 

One of the first clues that the dye-dye exciton mechanism might 

not be responsible for the changes in the induced CD betvJeen 300 and 
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350 nm of bound ethidium ion was the large magnitudes of the induced 

CD for 2:1 dimer:dye complexes. These magnitudes per bound dye at 307 

nm were of comparable size to the spectrum from fully loaded DNA (Par-
307 di, 1980). For example, 6sbound for CpG:CpG:EI is 22 L/mol-cm, while 

. 307 
in calf thymus DNA at r = 0.25, 6cb 1 is ~19 L/mol-cm (see Figure ounc. 
1.5). Since only one dye 0olecule is present in the complex with the 

dimers, and it is intercalated between the base pairs of the mini-

helix, the large magnitude of its induced CD is not attributable to 

dye -·dye interactions. 

We measured the induced CD of ethidium ion intercalated in several 

more sequences of complementary dimers. The results all reflect one 

fact: the induced CD per bound dye is quite large betv.:een 300 and 350 

nm. These complexes represented the simplest unit of the bound drug 

in complexes with the nucleic acids, and as such, their CD spectra are 

attributable to only one thing: the asymmetry of the binding site. 

This result directly contradicts one of the basic assumptions of the 

dye-dye exciton mechanism, namely, that the induced CD due to the a-

symmetry of the site is low. 

Another piece of evidence cited in favor of the dye-dye exciton 

mechanism was the occurence of a negative lobe in the CD spectrum cen

tered near 295 nm at high ionic strengths (Aktipis & Kindelis, 1973; 

Balcerski & Pysh, 1976). This band, of roughly equal size with the 

positive lobe centered near 307 nm, is masked at lower ionic strengths 

by the larger, positive lobe of the nucleic acid's CD near 270 r.m, ac-

cording to these authors. A conservative CD spectrum such as this is 

characteristic of an exciton interaction between identical chromo-

phores (Tinoco, 1963). 
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In our studies of the 2:1 dimer:dye complexes via fluorescence 

detected circular dichroism, vve obtained the CD spectrum of these com-

plexes well below 300 nm, where the large excesses of dimers present 

in the mixtures usually mask th~ complexes' CD spectra. We found 

either true negative lobes or relative minima in the CD spectra near 

295 nm for most of the 2:1 complexes studied. In all cases, a .pas-

itive CD lobe occurs above 300 nm. Since only one dye is present in 

each complex, dye-dye excitons are not responsible for this pattern 

of bands. This suggests that such bands in the CD spectra of DNA/EI 

complexes need not solely be attributed to dye-dye excitons either. 

Another exciton mechanism involving transitions on both the DNA bases 

and the dye VJas presented by Houssier et al. (1974). Such interactions 

might be operating here, although the magnitude of the bands would not 

change v1ith the binding ratio. This type of spectral contribution 

waul d be grouped with others from the asymmetry of the site. 

In our experiments on the binding behavior and circular dichroism 

of ethidium ion in calf thymus DNA mixtures of different salt concen

trations, we found that the con centra ti on of the counteri ons affected 

307 the magnitude of ~cbound for solutions at the same binding ratio, r. 

The fact that an environmental effect, such as the counterion concen-

tration, can produce changes in the CD spectrum is reminiscent of the 

mechanism of Lee et al. (1973), which connects changes in the bound 

dye's optical properties with changes in the perturbing potential field 

at the binding site as other sites fill. Using electrostatic theories 

of DNA's polyelectrolyte behavior (r'lanning, 1978), we examined possible 

sources of the change in the field: the atmosphere of counterions, both 

condensed and free, which associate with the nucleic acid. Other con-
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ceivable sources of change in the field are the relative positions of 

other charged groups with the dye: the phosphates of the helix backbone 

and other intercalated dye molecules, and the relative orientations of 

base pairs beyond the binding site with the dye. 

3. The ~1ode 1 

We have discovered some facts which suggest that the variation 

of ~s~~:nd with the binding ratio, r, is not the result of an increased 

chance of dye-dye exciton interactions at higher binding ratios. Be-

fore proposing a model based upon the alternate mechanism, we realize 

we have by no means uncovered an overwhelming amount of evidence to 

prove or disprove either mechanism. Instead, we be 1 i eve the facts are 

more consistent with an explanation based upon a mechanism incorporat-

ing the perturbing potential field as the source of the spectral be-

ha vi or'. 

The main points of the model are as follows: 1) the spectral pro

perties (CD) of the 2:1 dimer:dye complexes best represent those of 

the nucleic acids at high binding ratios; 2) the potential field a-

rising from charged groups contributes a component to the induced CD 

which reduces the magnitude of ~s~~:nd; 3) at the lowest binding lev

els, this last component is dominant, so ~s~~~nd is reduced to its 

lowest levels; and 4) 6s~~~nd increases as r increases because the 

combined geometric and electrostatic changes associated with the 

intercalation of dye diminish the contribution of the perturbing field, 

and the CD contribution from the as_ymmetry of the site (i.e., the 

dimer:dye spectrum) gains ascendancy in the sum of all effects. 

In selecting the CD spectrum of fully bound DNA/EI complex as the 

analogue of the 2:1 dimer:dye complexes' spectra, we recognize that 
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6s~0:~~ varies with the particular sequence of bases present in the 

complex (Table III). The arrangement of bases and dye in the binding 

site may be freer to assume energetically favorable conformations in 

the dimer:dye complexes than in the longer seq•Jences, \vhere the ad

jacent bases and the backbone may restrict the number of possible 

conformations. Alternatively, the other perturbants of the dye 1 s 

electronic properties (electrostatic fields, etc.) may serve to make 

the values for M:;~~nd in each site more uniform in the polymer. We 

feel compelled to use the dimer/dye complexes as models for the fully 

loaded DNA because they display large magnitudes for 6sbound' be

cause the spectra for the DNA/dye complexes maintain shapes similar 

to the dimer/dye spectra thr·oughout the range of binding ratios, and 

because the magnitude of 6c;~~nd for ethidium ion bound in both dC-dG 

sites of pdC-dG-dC-dG minihelices is virtually identical with 6c~~~nd 
for the dCpG:dCpG:EI complex (Chapter II). 

Once we select the asymmetry of the binding site as the basis for 

the large magnitudes in 6c;~~nd at the high binding ratios, the ques

tion of variations in the CD with the binding ratio can be approached 

from a new point of view. Rather than ask why 6c;~~nd starts off at 

low values and increases with r, we now want to know why it decreases 

as more dye molecules return to solution (r is decreasing). If we 

make use of the perturbing field mechanism, we can answer this: the 

strength of the perturbation varies with the binding ratio. Whether 

the e!ectrostatic field, the relative geomctt~y of more distant bases 

and the bound dyes, or other sources constitute the sole source of the 

field, or all contribute to it is difficult to say just at this time. 

We have shown that significant changes with dye binding occur in the 
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condensed counterion concentrations, an electrostatic effect, but 

whether this plays any role in altering the bound dyes' induced CD 

requires further study. Whatever the source of the perturbing field, 

its contribution to the total CD of the dye at 307 nm is negatively 

signed and so subtracts from the (assumed virtually constant) CD con-

tribution from the site asymmetry. 

4. Further Experiments 

We have arrived at a model for the behavior of the induced CD be-

tween 300 and 350 nm of ethidium ion bound in DNA. The evidence sup

porting this model is certainly scanty at this point, but with the 

following experiments, support and refinement (and possibly overthrow) 

of the :mde l may be forthcoming. 

One of the v1eak links in the model is our reliance upon data from 

dimelA/dye studies and DNA/dye studies only: the hio are linked in the 

model even though there is very little evidence that anything true at 

one extreme holds at the other. Further studies of ethidium ion bind-

ing VJith complementary oligomers will aid in determining the validity 

of the correspondence. In particular, the question of whether a dimer/ 

dye complex spectrum (CD) adequately represents longer sequences can be 

answered with CD measurements at different dye:helix ratios with com

plementary sequences like rA + rU , \vhere all potential intercalation 
n n 

sites have the same sequence, or r(C-A)n + r(U-G)n, v1here two types of 

intercalation site exist, but one is presumably preferred over the 

Otht:>r ht::.ca"S"" it,·, p,,r3'-5'\o,. .;.,.,,...+e~d o.c n .. 13'-5''rny 
...,, ................. \,..1 '-IV ..) .}\ JIU 'IJ.,:}\,.. 0. I fU\ ) .. Goth types of 

sequences could be studied as polymers, also, and the deoxyribo- an-

alogues could be compared with the ribo- sequences. 

The effect of environment and/or perturbing field on the induced 
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CD of ethidium ion in 01-LI\ could be tested further by measuring the CD 

spectrum of the dye in the presence of competing intercalating species, 

such as proflavine and methylene blue (Lee et al., 1973), which are 

also cations, or 4-nitroquinoline-l-oxide (4-NQO) (Winkle, 1979), which 

is uncharged. In each case the charge density of the DNA would change 

as both the eth:idium ion and the competing species bound. If the bind

ing ratio of ethidium ion to the DNA, rEI' and the binding ratio of 

the competing species, r , could be obtained in some manner, then, camp 
by comparison of the magnitude of the ethidium ion's induced CD at 

307 nm in this system with that of the ethidium ion alone with DNA at 

the same rEI value, one could determine the validity of the environ

ment/perturbing field model. The model predicts that ~s~~:nd in the 

ethi dium i on/competi tor/m!A mixture waul d be 1 arger than ~s~~~nd in the 

ethidium ion/Di,LLI mixture because the ,~ot:,-rl of occup·ied sites is great-

er in the former. The t\vo cationic dyes would 1t10rk Viell because their 

induced CD bands are at wavelengths greater than 400 nm; 4-NQO would 

work well because it apparently does not acquire an induced CD spec

trum when intercalated in nucleic acids (Winkle, 1979). 

Finally, computer calculations of the CD spectrum for ethidium 

ion bound in different dimer sequences or in a polymer would be useful, 

at least for predicting changes in the spectrum as the nearby bases 

changed. The coor'dinates for ethidium ion bound in 5-iodoUpA and 5-

iodoCpG from the X-ray studies (Tsai et al., 1977; Jain et al., 1977} 

v10uld be a good starting point for' the di:ncr/dyc: cu.lculations. Sobe11 

and co-v:orkers (1977) have also published coordinates for ethidium ion 

bound in a DNA sequence by juxtaposing the dimer coordinates (repre-

senting the binding site) with the 8 form coordinates (representing 
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the remainder of the molecule). Beginning ~vith the din~er complex and 

adding succeeding base pairs to each end of the structure, one could 

obtain a clearer picture of the role of the base pairs outside the 

binding site on the induced CD of the bound dye with calculations on 

each new structure. Similnrly, one could investigate the effect of 

the electrostatic fields of the phosphates and the counterions on the 

spec:trum using the larger structure. The methods of calculution em

ployed by Johnson et al. (1981) seem particularly useful for this 

problem. 
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Appendix A 

COfc!PUTER PROGR/\r,1S FOR ERROR ANALYSIS AND DATA FITTING 

IN BENESI-HILDEBRAND PLOTS AND ~cbound 

l . Benes i -Hilde brand Plots 

A) Description 

The programs BHFITl, BHFIT2, and BHFIT3 fit dimer/dye titration 

data to 1:1, 2:1, or 1:1:1 binding stoichiometries, calculate the 

errors associated with the binding constant and cb - cf' and prepare 

plots of the data using the general graphics package in OS/8. The 

programs are writen in FORTRAN, compiled with .R FORT under the /I 

and /0 options, and saved as core image files with .SAVE SYS BHFITN, 

where N = 1, 2, or 3. All listings are available on paper tape. 

The data consists of absorbance differences between the dye 

alone and the mixture of dimer and dye at some wavelength (DABS), 

the initial dinucleoside phosphate concentrations ( [NUCl] and [NUC2]), 

and the estimated errors (standard deviations) in each, if desired. 

These values correspond to A- cC° C0 and C0 in equation (4) EI' NpNa' NpNb 
of Chapter II, respectively. The first fitting does not weight the 

data in any fashion; the second fits the data by weighting each point 

according to its associated error. 
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B) Listing 

i) BHFITl 

C THIS PROG~rM FlTS DIFFERENCE lN RBS0~3ANCE VERSUS ADDED 
C ~UCLEOTJDE CONCENTRATlON DATA lN A BENESI-HJLDEBRAND PLOT. 

COt·H-1011 FNPET .. FIJNHtl.· N .. NSIZE .. NTHETA, iJ":St1, NCCIR, 
2 rJTJT, Tr;u: .. N:·<TIT.· :niTLE, iNTIT.· '>'TITLE, NEW, 
3 XMJN,YM~X.XlNCH,YMlN,YMAX.YlNCH, 

4 ;:<:ST .. >:T l C .. >:I tJC .. 'l'~::T .. '1'; ·r ("_, 1!'1 t·JC: .• L TIC, 
5 NSILAB,NORXL,NORYL.~SlTJT,NORXT,NORYT, 

6 ;<Fr4CT. ~~;SIGr~ .. N:·<~~~r;>: .. '·N:t1CT, 'r'~::J(ji·~-' N'l'i1ft:<., 
f DABS,YER,CN1.ER1,CN2.ER2.X.SGX,Y,SGY,ALFi, 
8 f1 .. :;~c;r;. 8 .. SGE:, r,vrs .. UF T:;T .. CC•'t'[, l[)'t'E .. K, f<K, ERNRt1.. IER 

D 1t1ENS 1 C:N T 1TLE < () .• :·:T :tTLE C") · ','T lTLE ( 7) 
Dlt1::NS10U Dr::r:~~<l5:i .. CN.t<15)) Ci~2<15) .. SG~~:<J5), SGI.r'(15) 
C·1i·1trt310N f!LF~l<15) .. :-~:~:1~3) .. '1'(~15) .. NF'TS,~5) .. CC,tr'E(5) 
DIMENSION ER1~15),fR2<15),~ER<15) 

590 
510 
520 
53:0 
548 
550 
568 

FOF:;·1AT<.·1::1C=1), 2:1<=2), OR 1:1:1<=3) COt1PLEX? ·'11) 
FORt~AT < /) 
FCIRt·HH·:·HOlJ t1A:N C•!FFERENT CD','EJ? '1:1) 
FORMAT~'ENTER ERRORS? <1=YES,2=NO) '11) 
FOF\t1t"H<···# POltHS= ', 12) 
FCJR 11AT (" C D'r'E J= ,· .• ElJ. 5) 
FORMAT(/' ERROR ERROR 
FCIRt1ATC' C tWC1 J [ IWC2 J N18S [ tWCl l [ NUC2 J 

608 FORMAT<''E1l. 5) 
L;:; G f7 .:.:::;1 AT-:-· ·'Ell: 5) 
62>) 
G:.>G 
640 

F0Rt1RT(' 
FO/t'iH1T e· 
F<WI"RT< ... 
F Cr1\r1t1T ~ ... 

··"E1J:. 5) 
'ED. 5) 

·'ED. 5) 

(\) 8 F :~ F' t·: AT< C D ~,~E ... 1 J ··· J = ... E :1 ~t. J:... tt P 0 1 rJ T S = ·" 1 2) 

ERROR') 

... E13. 5) 

710 FC•F:i·lriT ( ·· [ rWC1 J= ··Ell. Y E tJUC2 Jo: ... E11. ::v· C>El TR= ·' F.11. 3/ 
I 'ERNUC1= 'E11. l' ERNUC2= 'Ell. l' ERY= 'E11. 3/) 

C ZERO ERROR ARR~YS. 

Ftir.:ET=·· 8HFIT1' 
FNC>fHfi=-·' 8HDATA' 

1 DO 2 Ju1,15 
ER1>:I:>=O 
ER2•:I:;~,0 

CN2(J)=0 
'r'ER<l:>=O 

2 corn INUE 

C EST~BLJSH MODE. 

10 Rf~=1. 
F<:Et1C• U. 5i)i3:> f( 
1 r o::-1 uo .. 15, 11 

11 JF0(-2:>:1.0, :1] .. 12 
12 1F(K-J:>1G,15,1e 
:U Rt:=2. 
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c 
c 
c 
c 

EUTER Dtili'. [:0''"[: JS R85'~''-:t:Rr;CE [:01FFEf;: 
F'rlT'.L c:'~t.lC 1 S ~~~ ·C·::::C• r~·JCLC>JT 1 C·~ CJiJCEN 
lN ~~DED NUCLEO IDE CONCENTRGTION, AN 
A3 DERIVED FROM THE ERROR lN DELTA RB 

15 WR1TE(1,510) 

20 
21 

24 

f(EAC•O· 520)JCo'-r'E 
LH!L0=0 
L H1H 1=0 
READ< 1, 5~~0 )I ER 
r;.o 29 1 "'1• W'l'E 

\JR lTEd, 5:10) 
R~AD<1.5d0)NPTS(J) 

RERD<1,550)CDYE(l) 
L 1 i1LO"'L l i'lH 1-'-1 
LlMHl=LJMHJ+NPTSCJ) 

!·lF:JTEU.• 565) 
DO 28 M=LlNLO,LlMHl 

READ(1,60GlCN1<Nl 
IFOz-:D2L 20,21 
READC1.610lCN2(M) 
READC1, 620lDABSCM) 
JFClER-1l28,24.28 
READ<1,63GlER1CM) 

25 READC1,648lER2CNl 
26 READC1,650lYER<N) 
28 CONTINUE 

tJPTST=LH1Hl 
29 corn1rwE 

C LIST ENTERED 0ATA. 

l·<Rl'TEU, 510) 
DO :0~0 1 =:1. l D'l'E 

~~ R 1 T !': < L 7 0 0 ) l , C Co 'r' E < l ) , ij F' T S < 1 ) 
:w corniNIJE 

'4RITEU, 510) 

NCE NORMALIZED TO 1 CM 
F. AT I ON, Ct·<EF: 15 Ef;:F:Of;: 

YER IS ERROR IN Y VALUE 
ORE:RriCE. 

C•O 15 i1=1.· NPTST 
WRITE<1,710)CN1(M),CN2CM),DABS<MJ,ER1CN),ER2(M),yERCM) 
ALF10D=C1 

35 cornnwE 

C AT THIS POINT, THE PROGRAM CONTINUES ON THE FILE '8HFJT2. SY'. 

CSLL CHAlNC'8HFlT2') 
END 
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ii) 3HFIT2 
tJ 

C THIS PROGRAM FIT.:: DIFFERENCE IN ABSORBANCE VERSUS ~DDED 
C NUCLEOTIDE CONCENTRAT10N DATA lN A BENESl-HJLDEBRAND PLOT. 

50~) 

5:10 
52J 
5]8 
548 
550 
~j6~3 

c 
c 
c 
c 

CONNON FNPET,FNDATA, N,NSIZE,NTHETA,NSYM,NCGR, 
2 NTJT,TlTLE.NXTJT,XTJTLE,NYTIT.YTITLE,NEW, 
3 :":;1 In .. ·":t~fi:·<.• ;,.; 'tKH, 'r'tl PL ','r1f1:''·· •,• 1 NCH, 
4 : .. ;.::T .. >:TJC. ;-;rt·JC .. 'T'S.I .. 17'TJC .. '.,'1rJC .. L TiC,. 
5 NSlLAB.NORXL,NORYL.NSlTJT,NORXT,NORYT, 
6 XFACT,XSIGN,NXMAX,YFACT,YSlGN,NYMAX, 
7 C•f~E;S. •,·•::r.· .. CUL Ef<'L Ctl2 .. ER:2.· ;o(, se;:.;,. ','.• SG'r'• AL.F1, 
8 A.· .;;::Jf'L· [:, St.JE: .. tiF'TS .. UI-'TS T.. CC•','E, JC<',·E .. f(, Rf(, E~:NRt·1, l ER 

F1 
SE 
R 
JF 

f) li-E:: tiS JCotJ TI TL;:: <?'). :OiT ITLE <?') .• ','TITLE 0: 7) 

DlMENSlON DA85(15),CN1<15),CN2<15),5GX<15),SGY(15) 
C•!:·1Er~S!ON HLF1<15) .. >:<15) .. '-,'(:15),~ NPT5(5),. CD 1r'E<5) 
C· It"Cr~.:; ~ON ER1 <15), ER2 <13) .• ','ER <15) 
FORMAT(/'*****'~********************************************'/) 
FORMAT(/~FlT W/0 ERRORS'/) 
FORt·1AT<'J= . !2' >>:J:>= ·'E11. 3... ','(J)= 'E11. :v AL.PHA<J)= 'F7. 4) 
FORMAT()'ALPHAO:'I2') DID NOT CONVERGE IN 100 STEPS') 
FOr:i1iH<···T','PE -CR- TO FJT ~U ERRORS; -1-, -CR- TO SKIP 'll) 
FORMATO:/'FlT W/ ERRORS'/) 
FORf-1ATV) 

ST f;:llrl C·O~S ~:OT l·H::JGH FOr: EF:F<ORS.; 
,JnC• RUrJ t:ECi1N.:: ~UTH rJR·.:;r RUN '·N1LUES, BUT ~·lElGHS FOR ERRORS. 
5 1' 1 rHG;CEPT. 8 15 SLOPE. 
AG lS RUN NUMBER FLAG: 9=1ST, 1=2ND. 

;j·o:L 

8=1 
SCA=1. 

- 5G8=1. 
1fLAG=9 
l·lR JTEO, 500) 
W':JTEO::i. 510) 

48 EOUfC0=0 
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C CFI!.CUUHE :": flrJD 't' !Jf(t-lF'i1 '·/AL:.IES t;rm T!·IE I R fE:;.:;C I RTC:C• E!\RC•RS. 
C Y ERROR = ENTERED Y ERROR + PROPAGATED X ERROR. 
C SG~ AND SGY ARE VARJENCES; SGA AND 5GB A~E STANDARD DEVIATIONS. 
C EfWt.:il 15 THC: LC!tJEST 'r' ERfWR FO~: IJCif-':11riL1ZWC: f'ILL EF~:ORS IN LJEJGHING. 
C Vf'ILN JS AMOUNT OF FR~E DJMER. 

42 ERIJRI1=0 
L1 11L0=0 
U 11Hl =G 
DO :;.5 1 =:L I D'/E 

L 1 11LO"-L J 11H I +1 
L It1H 1 =L 1 11Hl+fWTS ~ 1) 
DO 50 M=LlMLO.LIMHI 

CtiLL FREE < '·/f'iLNE::L~ .. FRE1. FRE2, 11, 1) 

YO:M)=CDYEO:I)/DABS<Ml 
CIHER"' < Rkl·EF:l < i1) /FRE1 )**2. 
CN2ER=<ER2<Ml/FRE2l**2. 
SG:\ •: 1·1) =><: •: ID *:•< < f1) "" < CN1Ef':+CN2ER) 

$ +8•;•8·-~osG:": < 11) +:•\ < 11) ,;.;..; < 11) o+oSG8*SG8+SGA*SGA 
WRITE(1,520JM,X<Ml,Y(M),ALF1<M> 

C ASSIGN FIRST ERROR AS NORMALIZING VALUE TO START WITH; 
C THE~:EAFTER, ~;UE:STITUTE NEL·J Ef;f<:(IR '·/ALUE lF St'lf"iLLER. 
C THlS SJt1PL'r' f(EEi''S tiU11t::Ef':S FfWI1 OVEF<:FLOLJIW3 JN FL TSQ. 

1F<t1-:U 47, 4:::,47 
47 1 F < Et<:tiR11-:0.G'r' 0: 1'1)) 5~3, 50, 48 
4 8 ERriR!'~ =SG'l < r1) 
50 C:J~HJNI.!E 
55 cc·~rr 1 nuE 

C FJT LINE. 

CALL FLTSQ <IFLAG) 
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C Ci1LCUUHE FRf'ICT 101~ OF D't'E 80UtJD 1 N COt1Pu:::~ TO ~~ JTH HI . 6(1:1. tiLPHA. 

62 

EGfC=A/S 
l(f(:co(l 

L 1 t1LO=O 
LJf·iHl'-'0 
DO 66 t1"1, IC•'t'E 

L1 i1LO=L H1H 1 +1 
LlMHJ=LJMHI+NPTS(N) 
DO 64 J~LIMLO.LIMHl 

DO 62 1 =::L 1\:113 
Cf1LL FFf:E 0:\'flLNEI~ .. FRE1, Ffi"E2, J, t1) 

fiL F'H =E G11(>'·/ALNEI4 
ALPH=ALPH/(1. +ALPH) 
DIFF=RBS<ALPH-ALF1(J)) 
ALr1 < ,j) =ALPH 
1F<DIFF-. 001*ALF1(J)) 64,62,62 

CO~~Tl NUE 
L<RlTE<l, 5J:O)J 
10(,=1000 

64 CONTINUE 
66 CONTHWE 

C IF CONVERGANCE OF ALPHA DID NOT OCCUR, ABORT RUN. 

JFCKK-1000) 68.82, 68 

C CALCULATE E•}UJLJE.R1Ut1 CON:;TAIH TO ~HTHIN . 01 f<. 

68 DIFF=ABSO:EQf<-EQUf<O) 
EQUf(O=EQK 

IF CONVERGANCE OF K DlD NOT OCCUR. RECALCULATE WITH NEW VRLUES. 

JFCDJFF-. 01+EQKJ 70,42.42 
79 IF<JFLAG) 80,72.80 

C CHECK TO SEE lF CALCULATION WITH WEIGHING ERRORS iS POSSIBLE. 

72 IFC!ER-1) 80,74,80 
74 WRITEC1,S03) 

REfti:0(1, 540)1 
1 F < 1) 80 .. 76. 89 

76 WRITE(1,558) 
1FLRG=1 
GO TO 40 

80 WRITE<1,560) 

C AT THIS POJNJ~ THE PROGRAM CONTINUES ON THE FILE '8HFIT3. SY'. 

CALL CHAJN('8HFlT3') 

C RETURN TO START IF ALPHA DID NOT CONVERGE. 

82 CALL CHfil N ( FNRET) 
EliD 
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a) Subroutine FRCE 
" 

C TH 15 '-'R•)Gf<f1t1 FITS C• I FFERENCE 1 r• m:SOF:[:fiNCE '·iEPSI_I:; ADC•ED 
C tJUCLEOT l C•E COtKDrrr<riT 1 OtJ C•tHt1 IN f1 E:E:UESI-H I LDEE:Rf"it<D PLOT. 

5LI8ROUT J tiE Fr<:EE < 1/FJUjE~<.· FRE:1.· FRC::', t1, I) 
COMMON FNRET,FNDATA.N,NSIZE,NTHETA,NSYM,NCOR, 

2 WiJT, TITLE, W<TJT .. :<TITLE, rnTJT, 1'T1TLE, tJElJ, 
] i<i1 j ~~ .. >:t·lfi>: .. >< l NCH .. ','t1l t< .. ','t·lf'li<, ',' 1 UCH .• 
4 i\::::T, :.<TJC, >:HK, 't'ST, ','TIC, ','JNC, L TIC, 
5 NSJL~8,NOR~L.NORYL,NSIT!T,NORXT,NORYT, 
6 ;.,;n;cr. :<S 1 GN.· r<:<l1fi:<.. ','FfiCT .. •,•:.; 1 GN, t~'r't1AX, 
7 Dri8::::) ·,~c~R .. C~LL .. ER:t .. C:rJ2.· Eh:~~ .. ;.: .. SG;(, 'r' .. SG'r' .. ALF1., 
8 Ft, SGF! .. t:'.· :';GE; .. tiF'TS .. NFTST, CC•','E.· ID','E.· f(, F<:fC, ERNRM, lER 

DIM:NSlO~I TITLE(7l,XTITLE<7),YTITLEC7) 
DIMENSION DABS<15),C~1(15),CN2C:15J,SGX<15),SGYC15) 
DJMENSlON ALF1(15J,X<15),YC15J,NPTS~5),CDYEC5) 
D1i1ErJ::,JON Et\::1 <15)) ER2,::15) .. 't'FR<j5) 

C CALCULATE THE AMOUNT OF DlMER FREE AT EQU!LlSRIUM 

FRE1=Ctll < fO -Rf:''''RLF1 < 1·1) *CC•'r'E ( 1) 
FRE2=CN2<M)-RK*ALF1(M)*CDYECJ) 
lF'OC-2J10, 20, :w 

10 VALNEW=FRE1 
FRE2=1. 
GCITO 40 

GCiTO 40 
:ro VAUJE~•=FRE1*FRE2 
40 RETURN 

EtJD 
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b) Subroutine FLTSQ 
" 

C THIS PROGRAM FITS DIFFERENCE IN ABSOR2ANCE VERSUS ADDED 
C r<LICLEOT WE CCINCE1HRAT1 ON C<flT fl 1 N A t::ErJt:::O.J-H I LOEE:f<:F1tW PLOT. 

2 
] 

4 

6 
7 
8 

:;USPOUTJ UE FL TSQ (I FLAG) 
COtmorJ FtWET .. FtWfHf"l .. N .. 1151 ZE .. tHHETA .. NS'r't1, NCOR, 

tFJT .. ·rnLE .. N>:TJT, :nJTLE· trrfiT, )'TITLE, NEL~, 
)~f~ltJ~~·:r1A~<~ XJt~CH~Yt1lN~Yr1RX~Ylt4CH~ 
:":sT.. :<TIC, :<JNC .. 'r'ST, 'r'TlC.· 'r'1NC, L TJC, 
U:; 1 Lf~~: .. NOR:: .. :l_ .. tl0~'1'L.· t~S 1 T 1 T .. t~OR:~:T .. NOR'r*T~ 
:-:r:t~CT .. ><S 1 c;r< .. tl>:t·IA>:, 'iFi~C T, 't'S J t3N .• N't't111)<, 
DABS,YER,CN1,ER1. CN2,ER2,X,SGX,Y,SGY,ALF1, 
A .. ~-:·~ri .. E:, 5GB.· tWTS, tJF'"IST, CC•'r'E, I i::O'r'E.. f(, RK.· Ef<:NRM, I ER 

C·ii:Et~SIC:IJ TJT:.E<7). ;,;TJTLE<n .. 'r'TJTLE<7) 
C•HiEti51CI~J C•At::S<15) .. CN1<15) .. CN2<15) .. SGi•:<15), SG'r'<15) 
C•H1ENS.!C:rJ ALF1<:15). >i<15) .. 'r'05) .. rWTS0:5), CC•'r'E(5) 
DIMENSION ER1<15),ER2<15),YER<15) 

C CALCULATE THE LEAST SQUARES FIT TO A LINE FOR A DATA SET. 
C MODJFIED F~JM THE PROGRAM 'LlNFIT' IN 'DATA REDUCTION 
C AND ERROR ANALYSIS FOR THE PHYSICAL SCIENCES', BY 
C P. R. BEI/HJGTON .. 11CCiRtll4-HILL 1969. PP. 104-5. 

500 FORi-1r1T.; •· ',' J NTERCEPT"' ,. E12. 5' SLOPE= 'E12. 5) 
510 FORt11H •: ··51 Gt1A E:= 'E12. 5' S 1 Gr1A t1= ·' E12. 5) 
520 FORMAT('R= 'F8. 5) 
5:~13 FOf1:1·1ATC. f(:= ·' E:W. 1/) 

SUt·1=C1 

c 

SU11i\=tl 
;;Ut1','=0 
sur1)<2"'(l 
SUt'l'r'2=0 

lF NO ERRORS ENTERED, UEJGHT 

:,<1 =X•:L) 
ITil -d!l'I:L..) 
WElGHT=ERNRM/SGY<Ll 
IF<IFLRG) 49,49,49 

1. <ONLY WILL RUN ONCE). 

C IF NOT WEIGHING FOR ERRORS, WEIGHT = 1 .. 

48 
49 

l~E J GHT='1. 
SUf·I=SLit1+l~E I GHT 
SUMX=SUMX+WEJGHT*XI 
SUf1','"'SUII't'+t·lE I GHT,~'·r' 1 
~::U~J;,;~:=.;Ufl: . .;::::·H.JE I CiHT*:··: l *i<: l 
SUMY2=SUNY2+WE1GHT*YI*Yl 
SUMX~=SUMXY~WEIGHT*XI*YI 

so co1n 1 riu;:: 
C• EL T fi "SI.tt·1*~::U~·1:<2 -:c:Ut1ii'-toSUt1X . 
A=<SUMX2*SUMY-SU~X*SUMXY)/DELTA 
S=<SUMXY*SUM-SUMX*SUMY)/DELTA 
•>~JFTST-2 
VARNCE=<SUMY2+A*A*SUN4B*B*SUMX2-2. *(A*SUMY+B*SUMXY-A*B*SUMX))/C 

C lF WElGHING FOR ERRORS, VARNCEsSMALLEST Y ERROR. 

l~<lFLAG) 51,52:51 
51 VRRNCE=ERNRM 
52 SGfi"'SC!0:T < '·ii'JRU(:I:>SUt1)i2/DEL TA) 

SG~'=SQF:T < '/t~F<.tKE*5Ut1/DEl TR) 
R = < SU!1; SUt1:":'l'-~'·llt1i•>SUt1Y) /St]'H (DELTA* ( 5Ut·l*SUt·1'-r'2-SUM'NSlJl'i'l)) 
~JRITE<L 500)f'l, 8 
lJRITt:<:L, 51>3):3GA, SG9 
J.~ tt 11 E < J. 52 0) R 
ECII(:.A/8 
~iRJTE<L 530)Ef11C 
RETURN 

-~Iii) 
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iii) BHFIT3 
}' 

C THIS PROGRAM FITS DIFFERENCE IN ABSORBANCE VERSUS ADDED 
C NUCLEOTi~E CONCENTRATION DATA IN A BENESl-HlLDEBRAND PLOT. 

C0tlt101J FtmET, FrWATA.. tl. w; I ZL Wff-IETF; .. tJS'l't1 .. NC OR, 
2 IHJT, TJTLL t~:-nJT .. :•<TITl.E .. tNTn .. ','TITLE, NEW, 
3 ><~':I rJ, :··:t·h-1>: .. :•< I r:C:H, ','t1 IN. ','111"'!:":, ','INCH, 
4 ::.:sr_. :.-:T 1c .. ::-:1nc .. 1

T
1ST .. :1'T 1c .. '1'11~c .. L TlC1 

5 tEJUiE: .. tWR><L, flOR'T'l •.. W3JTIT.· WJR:":T .. NOR'IT, 
6 :":FACT, >:Sit.JN., ~;:.:i·Hi>:, ','FiiCT, ','SlGN. iN/1f'1)<;, 
,. f:•Fit::s .• ','E.R, Ct<J. .. Ef;::t .. C:tL~ .. EF'2 .. >•:, :::G:•i, ',' .. SG',', flLF1, 
8 A.-SGA,B.SGS,NPTS.-NPTST,CDYE. 1DYE.K.RK,ERNRM, IER 

D H1Et<S lOt< T JTLE c·) .• :n JTLE < 7), ','TITLE (?) 

DJMENSJON DA2SC1~),CN1C15),CN2<15),SGX'15),5GYC15) 
C·HiEIEIC•N Al.F:1<15>.• :":05) .. ','(:15) .. tWTS(5), CC•'r'E(5) 
DlME~SlON ER1<15),ER2(15),YER(15) 
DIMENSION XX(15),YYC15) 

C PRINT OUT FINAL VALUES FOR K, DELTA EPSILON, X, y, CCOMPLEXJ, 
C A~D ERRORS JN EASH <NOT CCOMPLEXJ). 
C PROCEEC• TO PLOTT HJG FWUT WE, IF DES l RED. 

288 FORt1AH,.. J= ··· 12·· )~ ( J) = ·' E13. 5... •,• ( ,J) = ,. E11. 3' ALPHA< ,J)"' 'F7. 4) 
209 FORi·1f'IT<.,.,.FJI<>iL f(= ···c12. 4 ... FHH'IL DELTf~ ::::F'SlLON= ·'E12. 4) 
218 >'"CIF::1~•T<'"SIGI1i:l fC= ,.[.12. 4·' SlG11r1 C•ELTf1 EP:.::JC.C!N" "'E12. 4/) 
211 FO~~AT<'J= '12' DX<J)= '[12. 4 DY(J)= 'El0. 2"' CCOMPLEXl= 'E12. 4) 
2~)0 FOfd·1AT(/) 
26~ FORMATC'PLOT DATA? <G=N0,1=YES) '11) 
6GB FDR~~T( "NORMPLIZER TO MAKE X AXIS INTEGRAL = 'E12. 4> 
6:1~J Fl.~[!·r·~RT<··· NCF:!t;f~~J2ER T 1J !1f1~~E '.,1 A>:JS iNTEGh:AL = -~E12. 4) 
6 ~: 0 F C ,;.;: :-; rl T < ,· 1 = . 1 ;~ ,. r~ 0 n· f.! i=i L ] Z E 0 >: < I ) = .· F :3. .3:... N 0 F.: r~ i'l L 1 Z E C~ 1T

1 
( 1 ) ::: .-- F 8. :< ) 

700 FOFdH1T < ·· ~il:~J Gf?~-1PH? < ~3=t~O .. :1='-r1E5) ... 11) 
71t) Fl)t:~;J:;-rc·· t:E~J f-·i~rt:fii·iETERS? ,. 11) 
?28 FOF:tiAT (' ;,:~1 HJ"'O• )•:ST=ii/"11 W) 
710 FORMAT<'XMAX~ /E12. 4) 
735 FO;:;:r1iiT<·· :·<J nCH"' / E12. 4) 
740 FCIRfHHC·:nlC=:,:INC= ,..E12. 4) 
?50 FJ::>R:FlT ( ··· ','t-1A>O:=O, ','ST=','/"11 N~) 
7~8 FORMAT<'YMlN= 'E12. 4) 
765 FCIRMAT<'Y1NCH= 'E12. 4) 
770 FOF<i-HH<···•,•TJC"''r'Jr>C= ··E12. 4) 
788 FORMAT<'SYMBOL I ']1) 
785 FORMAT<'SYMBCIL SIZE '11) 
79G FORMAT('CALCOMPC0) OR TEKTRONJX(1) ']1) 
880 FO~MAT<'ALL OK? /11) 
810 FOR/1AT<2r16) 
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DO 2 J=L IWTs·r 
~.Jfn T r::: < 1, 2 0 (;: l J, ;.; < J l .. ',' 0: .J ) .. F"i L F 1 < J) 

2 COIHltJUE 

EG'f(=A/8 

BE2=SGB*SGf/(B*8) 
ERi:: =fit~ S < EQf(,; SOF-:T < AE 2+8E2)) 
ERD=~F5<DELEP*S0RTO:AE2l) 

WRITE~1.209lEQK,DELE? 

WR1TE<1 .. 210)ERK,ERD 
LH1LO=G 
Ut1H1=0 
DO 4 1=:1, ID'T'E 

L J t1LO=L 1 t1H I +1 
LJMHl=LlMHI+NPTS(J) 
DO J J=LlMLO.LIMHl 

Ef(;,<o:SC>F"<T < SGi\ ( J)) 

ER'.,~::=~;Q~(T < SG'11 < J)) 
CIWUC=ALF1 •: J) ,l,CD1'E ( 1) 
~~RJTEO, 211).J, ERK· ER',', CNNUC 

J CONTINUE 
4 CONTWUE 

tmiTE<:t, 250) 
READ<L 260)1 

6 CALL CHAJN<FNRETl 

C SET VARIABLES THAT ARE UNCHANGED 

3 NTHETA=-3 
UCOR=13'3 
UT 1 T'=u 
ti>:T 1 T=G 
rNTJT=O 
L T1C=8 
NS1Ul8=2 
i~S IT 1T=2 
NCIR)•:L -=0 
N!JR'T'L=G 
r<OR:":T"'0 
fJCiRYT::::t 
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C C:IHER "tWI?i1RLI 2 HJG" POl~ERS OF "!'Eli 

10 WRJTEC1.250) 
F: E :1C• c j. 6 .:n:n :a:rmt1 
f~Et-:D < 1~ t.) j (I) 11'rJRt1 
C•O 20 1 =1· t~PTST 

i<:<< 1 :'"'i•:< J :>/:,iNRt1 
'1

11
1' < J) ='1' < 1.) /lr'i~Rt1 

~(EAD<::L 800)1NP 
lF< !rWl22, 10.22 

C PREPARE FOR PLOTTING 

22 WRITE<1,250) 
RE f1C• < 1. ?013) tlEl·l 
fi:EAC· ( 1. 7113) 1 NP 
JFO:illP)25,J:0,25 

25 iit1l N"'O 
lmnEct, 720) 
REriC>U, 7J:0)iii1AX 
i':Er1C><f, 735)iiWCH 
;a:ST=:,ii11 N 
REf'IC><L 740)iiTIC 
:i H~C=i•:TI C 

~~RJT£<1,. 756) 
F' E f1 D .:i. ? 68) '1't-1l N 
r;:EAC•<L ?6S)'1'WCH 
'1'S T='r'i11 N 
F,EAS><.L 77(1)','TJC 
~-,~ :1 r~C= ','·!I C 

lO ~:GD<1,780lNS~M 

~EAC~<:l .. 7:35)tJSIZE 
:.:EfiC< <1, 730) 1 W' 
I F < HW > ~~ 5, 4 0, l 5 

35 riC:OR=15(1 
40 READ<1,8G0)JNP 

IF C HW) 50 .. 22, !:;G 
50 CALL OOPEN<'DSK/,FNDATA) 

DO 55 1=1, tJPTST 
<·lR l T E < 4 .• 81 0 ) i< ii ( ! ) .• '1"1' ( 1 ) 

55 COIHJNUE 
I~"'NPTST 

CALL OCLOSE 

C AT THIS POINT, THE PROGRAM TRANSFERS CONTROL TO THE GENERAL 
C PLOTTING SYS;EM. RETURNING AFTER PLOTTING TO 'BHFITi. FT'. 

CALL CHAINC'GENPLT/1 
Er~D 
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C) San:p l e Run 
;1 

. f\ 8HF JTJ. 

:1::1<=:1), 2::1,:::~) .. OR :1:1:1(=]) COtiF'LEi~? ~ 

}1!)\J t~(i~J'i r~ I FFERE~~T [ [)'l'E J? ·• 
Ei4"rEi( Ef(f\l.ift:s··:· ':i= 1T'ES .. ;2·:::N0) :1 

ll POlNTS= G 
[ C•','E J= . fHJE-~13 

E~ROR ERROR ERROR 
c t~UC':l J c rwc:::: J o;::s::: C 1JUC1 J C IWC2 J C•f'f85 

:1. 5E -~J: 
-. ~>3J2 

05E-13J 
.22E-~n 

- 040 
06E-~n 

:14E-~:n 
;:. OE--GJ 

- 0-H) 
86E-G3 

:14[-(13 

- ObJ 
•3:3E-->:3J 

6JE-IJ4 

- !J8~) 

•:DE-•n 
42E-134 

- 1:1: 
.16E-~n 

24E-04 

;: ()','E:l ,_ 
0. 430E·-04 # POHHS= 6 J-

[UUC1 J= 0. 1SC1E-G2 C 1WC2 J= ~3. >3 ~) Ql E - ;·:n) DELTA= 
Ett·riUC1::: ~). ::;;: [.it:: -0·1 ERt<UC2::: ~3. >3>30i: -0~3 ER't':; 

CrWC1 J= G. 200E~02 CNLIC2 J.:: 0. OOf)E-•3•3 f•EL TA= 
EiWUCl= (1 ·S~30E-L34 ERNI..IC2= •3. ()>)>"JE--(1>3 EK'.,':: 

~ IIUc:l 3= 0. ~-:Oi!E -02 c rWC:::' J= (1, cn);~c-o~::t C•EL TA= 
EfUWC':l.'-' 0. 6t.10E··04 ERi~UC2== (~. 6 ~3C E .q (1L3 ER 11'= 

C ltUC1 J= >3. 2::-rj£::·-32 CNUC2 ]:: ~3. ~-HWE-0•3 C•EL TA= 
EIUiUC1"' 2. ~:~3l?.E -(14 r:~:~JUC2 = 1.3. 00~3E-tnJ ER',''"' 

ftli1C1 J: ~-~ J::~f:·F. -~:~ rNLIC:2J"' 1), '21(~(?E-G9 C•E!. TA"' 
£h~~~~.IC1= G. 900£-04 Ef~NUC2:;. 0. 0>30£-0>3 EF:','= 

[IWC1 J= G. 78GE -~:12 crwc2 J= ~3. >30()£-[3;:3 DELTA= 
ERIWC1= 0. :166E-BJ ERNUC2= >3. 0e•:1£-0>3 ER~'= 

l 91 

-•3. J20E-01 
0. 220E-0J: 

-(1, 400E-01 
0. 14>3E-0J: 

-(1, 4C10E-0:1. 
0. 14>3E-03 

-13. 6J:(1E-01 
J. 6JC1E-04 

-0. :320E-01 
0. 42l1E-C14 

-0. 1:1.?E-00 
0. 2413£-04 



FJT ~uo ERRORS 

J-=: 1 ~~: < J)::: (.1 ., 44E+06 
J:= 2 i<: < J) = fJ. 250E+Ot) 
J= ] >>: J) = 0. 25~:;~ ·t"(16 
J" '4 ;oi ( J),; G. 119-E -t-(1~_; 
J= 5 ;< < J)-:::: (1_ C~57E+C5 

y < J ) 

'r' '· ,J ) 

'r' < J ) 

'r ' ( j ) 

'r' < J ) 

= -e. 
== -(1 

= -[1. 

- -•3. 
- -a 

1:?·~[ -02 
1(17[-02 
li_1 ?E··C12 
t:; ::. j• t~ #- ~~ J: 
:;J-:3E -OJ: 

RLPHA(J)= 
ALPHA .:J) = 
f1LF'HFI <J) = 
t~LF'H1'1 ( .J) = 
tlLF'H~i < J l = 

J== 6 ~< 1: J):.:: ~). 164E~03 Y<J:>= -0. 381E-Ol ALPHA(J)= 
Y INTERCEPT= -0. 40529E-03 SLOPE= -G. 2324JE-08 
SlGMR B= 0. 5805GE-04 SIGMA M= 0. 24l41E-09 
R= -0. 9?876 
f("' G. 174E+06 

J= 1 :": < ,J) = 
J= 2 )i < J )= 

J= ] ii< J )= 

J= 4 )(•:J)::: 
J= 5 i< < ,J) = 
J= 6 ~< < J) = 

0. 459E+06 Y(J)= -0. ll4E-02 ALPHA<Jl= 
0. 259E··GG YCJ)= -0. 107E-02 ALPHA(J)• 
B. 259E+G6 YCJ)= -0. 107[-02 ALPHA(J)= 
0. 123~+86 Y(J)= -0. 683E-G3 ALF'HA(J)= 
0. 679E+G5 Y(J)= -0. 538E-03 ALPHACJJ= 
0. 168E+05 YCJ)= -0. 381E-Ol ALPHA(J)= 

Y INTERCEPT= -G. 4G473E-Ol SLOPE= -G. 22509E-08 
SIGMA B= 0. 57385[-04 SIGMA M= B. 2J279E-09 
f<"' -G. 9792? 
fC" G. l80E·d36 

J:; 1 ~\<.J):::: 0 459E·H6 ITI<J)::: -I), 1 ·1[-1)2 flLF'HA<J)= 
J:: . .., 

"' ~c;<J)::: 0 2~59E+G6 'r' < J) =: -0. 1 ?E-02 ALPHA(J)= 
J= 3 iiO:J)= 8. 2~5:3E+06 .,. ( ,J) ~' -(1 1 ?E·-r32 FlLPHA(,J)= 
J::: 4 :-i < J ):: L1. :12:!:E+:36 'r'(J)== ·-•3 rS J:E->3} ALF'Ht1<J:>= 
J:; " ~.: < J) :: J. t;?5L:·n~5 YO:Jl= -0. " ~~;.:. - (~ :~- t1'...PH>=! ( J) = _, -
.J= 6 >: <J 

., ... 0 1r.):;~;:.:..()5 111 < J .I:::::. ·-0. _} 1E-~71] fiLFHAO:J)= 
V INTERCEPT= -8. 40479E-03 SLGF'E= -0. 2492E-0S 
SlGMA 8= G. 5738~[-04 SlGMR M= 0. 23 65[-09 
R= -0. ~792? 
f(:: 0. 18DE+06 

0. 0000 
0. 0000. 
0. 0(1(10 
~·- 0000 
0. 00~3(1 
0. 1)00(1 

~J. 2754 
0. 4025 
0. 4025 
0. 5:36:1 
0. ?198 
0. 9123 

0. 2814 
0. 4097 
ll. 4097 
Qt. 591.4 
0. ? 2~~9 
(1, 9:14 7 
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TYPE -CR- TO FIT W/ ERRORS; -1-. -CR- TO SKIP 

Fll !U ERRORS 

J= 1 X<Jl= G. 459E+G6 YCJ)~ -9. 134E-02 ALPHACJ)= 
J= . 2 X<JJ= 8. 259E+06 Y(Jl= -0. 107E-02 ALPHA(J)= 
J= 3 ~\<J)::: 0. 259E+C16 'T'<J)= -0. 1~J?E~02 !~Lf-'Hf1(J)~ 

J= 4 :·:<J):= 0. 12Jt::+06 'r'(J )= -0. t::.3JE-O:.< ALF"HA(J)= 
J= 5 X<J)= 0. 679E+05 YCJ)= -~. 528E-03 ALPHACJ)= 
J= 6 X(J)= B 168E+G5 YCJJ= -e. 381E-Ol ALPHACJ)= 
Y INTERCEPT= -0. J54~2E-03 SLOPE= -0. 256J2E-D8 
SlGNA B~ G. 5J8G3E-04 SIGMA ~= 9. 42031E-09 
R= .... 0. 9887:1 
I<= 0. 138E+06 

1 )\ ( J)= G 457E-+()6 't'<J) = -0. 1J4E-B2 J= ALPHA(J): 
2 X<Jl= 8. 25::;[+06 l'fl I:J):: -0. :lG?E-02 J= ALPHACJ)= 
3 X<J)= G. 25~:£:·!-(16 't'O: J)::: -e. :1~37E-C'I2 J= RLPHA(J)= 
4 ~< ( J)"' G. 12JE+C16 '.,'( J):::: -0. 6:3JE-OJ J= ALPHACJ)= 

J= 5 XCJ)~ G. 677E+05 YCJ)= -C'I. 5l8E-03 ALPHACJ)• 
J= 6 XCJ)• G. :168E+05 Y(J)= -9. l81E-03 ALPHACJ)= 
Y lNTERCEPT= -B. 35044E-G3 SLOPE= -e. 2G095E-08 
SlGMA 8= B. 5l5SSE-04 SlGMA M= 0. 46608E-09 
R= -e. ss974 
J<:; 0. :1J·tE+G6 

J= 1 i<O:J)= G. 456E+06 Y<J):: -e. 134E-82 ALPHACJ)::: 
J= 2 ~\ ~ J)"' 8. 25C:£-+06 Y•:J)= -0. 1>37E->32 ALPHA(J)::: 
J= 3 ~\ < J) = 0 ~s.:::E..,.06 'r'•:J)"' -0. 107E-02 riLPHfiC J)= 
J:: 4 :.< < .; ) :: ,.., 1;.'J t":: ·rOt;:~ c· 'r' ( J) = -.:. r .. ~.::J E -OJ riLF'HA(J)= 
~J = '5 ;< ~~ J);;: 0 rb~:7 7[+1:·5 'r' < J) = -•3. s:~..:.r: -~3:( FILFHri(J): 
J= 6 x<J)• 0. 1~ss~os ',.'( J )= -0. :?:HE-0J ALPHi1CJ)= 
',' J tlERCEPT= -0. J49;,:".6E-OJ: SLOPE= ->3. 2617'5E-8(3 
SJG~A 8= B. 5395:1E-04 S1GMA M= 0. 48039E-99 
R::. -0. 98994 
""' e. 134£+96 

e. 28iG 
0. 409~ 
(;l, 4099 
B. 5926 
e. 7261 
0. 914·7 

0. 2326 
0. :.<:493 
0. 3493 
e. 5299 
e. ;.;nz 
0. 8919 

0. 2274 
0. 3427 
0. 3427 
0. 5226 
0. 6648 
0. 8S9B 
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J" 1 >: J)= 0. 4 ~5 2;;; ·H36 V<J)= -(3 .t:!·f[·->3 
J'-' 2 i< J)= l1. :~5 54 -r~36 ·,· < J);.:: -c~. 107[-0 
J:: :l ;< J)= 0. 2~· ~ .. ; +i)f.; 'r' < J) = .. ,,,_ J•:;t;··r::--(j 
J:.: 4 i\ J)= 0. J-:? 6::; ·J-i-)6 '1' < J)::; --I) r_;:::~!:E~-o 

J"' 5 ~\ J)= 0. 6? :l? +05 Ill< J)::::; -~1. 5:5::::E-(, 
J= 6 }\ J)= l1. 1c.; 64 +05 '/ ( J):::: -i-3. ~~:31[--0 

FJNAL f(::: 0. 1J:16E· ... 06 F JW1L C•EL TA EPSILON= 
SJGt1A i~= i.1. J:2l1:!.E+05 5 I G 11t< i)El.TA 

J"' :l. D~< •: ,J)"" 13. ]~38~~E+~)5 
J:: " Di•: < J) = ~:.. :t~:;;_;,;.E+05 "-

J= ::.<: C<;<: .: .J)::: ~3. 1:~6:::£::4'"05 

J:: 4 ~<< ·: J):::: •3. 6:375E+04 
J= ~5 D~~: < j ., = 0. 31 ?~-2f: 4-(14 
J'-" 6 c-:,<<J>= ~3. 69~~5E -~·0J: 

PLOT DATA? (~RN0,1=YES) 1 

110Rt1t1L !ZER TO t1t1fCE 
,, 
,\ f1)<J s 

110Rt1AL I :r::R TO ~~~1f: E '1' fii·: 1 s 
I= J r<~'JR t1 ;1 L 1 ZE C X< 1 J = 
J= 2 IWR!·iRL 1 ::EC• ::< ( 1) :-:: 
1= J IWI-:i':i"L J ::t::D ;:< < 1) = 
];: 4 tiOFd ~f"1L.] ::t:D ;-: < 1 ) ::: 
]:: 5 ~ic;~:·1riL 1 ZED i< < 1):: 

I= 6 IWRf1flL J:ED ;a;< J) = 
ALL OfC? 1 

NEW GR~PH? (0=N0,1~YES) 1 
IE(~ PARfliiE:TERS? 1 

i\liiCH=- 8. 
i<'f1C=><JNCo: 1. 
'rl1f1:i=O, ','ST='-N11N 
'r'tiltl= -16. 
Y 1 NCH= 6. 
'l'T J C='1' H~C= 4. 
S'l'i180L # 1 
;~.r'f~BOL S 1 ZE 2 
CRLCOMP<3) OR TEKTRONIX<1) 
ALL Of('? 1 

PLOT 15 BOUND FOR CALCOMP 

[) ~· ( ,J) = 
O'r'(J)= 
D·,'(J)= 
D','(.J)= 
C•"'·:.J)= 
D'1' <J)= 

INTEGRAL 
IWfEGRAL 

4. 5~] 
2. 575 
.-, 
"-· 

~-<:-._t{._r 

1. ;~,27 
0. 677 
0. .168 

PLOT E'·/ER'r' NTH POHH, N ::: 1 
RE-PLOT DATH? 

EP'.:; fLfrN= 

0. ::?2E--l'n 
0. 2~21E-OJ· 

(.1 ~'l:tE-~~J: 

0. 1>)[-0~~ 
~3. 76E-0-1-
0. 59E-04 

= 1. E-+ 5 
- 1. E- 4 

NOF-:t1P.L 1 ED 
N::rF<t1AL 1 EC• 
t<OciHiL 1 EC• 
n(·::-:.l~;-=tL 1 :::o 
Ni~ifdlfil 1 ED 
NORt·Jfll J EC• 

1:1<=1), 2:1<=2), OR 1:1:1•::3) COt1PLE)<? 
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I'ILF'Hf1 ( J) = •3. 2265 
fiLr·H,:J(.J)= ~3. 3416 
nu:·Hf; < ._r) = 0. :;:..u6 
fllf'Hf'l < ,J) = (1, !:•213 
fil.F'Hf1 < J) = 0. 663:6 
ffLF'Hfi < ·') = (1 :::::::.::5 

·-0. 2:::60E ·H34 
(1, 441][+03 

( COi'!F'LE>< J= 0. 9?J:9E-05 
[ CO:iPLD: J= e:. 1469E-04 
( C:Jt'lF'LE:iC: J= 0. 1469E-04 
[ c·;Ji"PLE>: J= t1. 22-+2E-04 
r C 0 il F· LEi': J=· ;)_ 2~:54E-04 c 

[ CO !·it-· LE ~< J= 0. :!.~:21[-04 

't' <!) = -13. 417 
'r' ( I ) = -JO. 75!.) 
1
1

1 
( 1 )= --10. 750 

'r' ': 1 ) = -t:. :::.z:, 
'7' ( !)= -5. 3:75 
'.,' < I ) == -3. 805 



2. Equi 1 i bri um Concentrations/ 6cb d oun 
A ) De s c r i p t i on 

The program EQ calculates the equilibrium concentration of di

mer(s) and dye fer 1:1,2:1, or 1:1:1 stoichiornetries and also cal
.\ cul ates 6ch ""r~ and its associ a ted error. The program is written in 
uOuJJU 

FORTRAN, compiled with .R FORT, and saved as a core image file with 

.SAVE SYS EQ. All listings are available on paper tape. 

The data consists of the complex's equilibrium constant, the 

initial concentrations of dimer(s) and dye, and their errors for the 

calculation of the equilibrium concentrations. To calculate 6cbound' 

enter the measured induced CD (e 0 x 100) and its error. Equations (2) 

and (6) of Chapter II are used in the calculations. 
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78~1 

718 
72~?. 

7JG 
748 
750 
SGO 
818 
820 
8]0 
840 
85G 
sse 
8?'9 
875 
880 
885 
890 
895 
9CH3 
918 
920 
s<:.<o 

940 

950 
~?66 
970 
999 
c 

B) Listing 

2 

$ 

$ 

i) EQ 

COt1f10rJ IFi'·/E .. THlOCt, ERTH, IH~f'I'./E, ctJL CIJ2, C0, PLE;..;, 
B,K,R~ .. ALPHA .. ERPLX,EC1,EC2.CSUM.SUM 

C• 111 [ ti::; I C• r• (J r; '·/ E < 6) .. T H .t ~'") < 6 :> .• E F<: T H < 6) 
FORMATO://'THlS PROGRAM CALCULATES EQUlLI8RlUM CONCENTRATIONS,') 
FORMRTO:'CD DELTA EPSJ~ONS, AND ERRORS FOR EACH. TO CALCULATE') 
F C:;;~ ~·1 :H < ·· EC•c.II LI ;:.r:: :i U/1 '·/t-iLU:O.: f'il.. CNE.. EtJTER (? FO~· EF;CH EF:I':OR RfH)' ) 
F':·F~i·lAT< · ;~,_;rmER CIF >~Fl'·iELft<•J 1 HS. '/) 
FOF<t1AT C 1 ) 

Fc:;;:r·1AT<···:.t:10:o:i:,, 2::10:"'2), OR :1.:1:10:=]:) CCJ11PLE:X:? '11) 
FORMAT<'EQU1Ll8RJUM CONSTANT ([10. 4) = 'Ei0. 4) 
FORMAT('ERROR K <Ei1. 5) = 'E:11. 5) 
FOI<r1fH <' 1 U IT J Al. C C·','E J 0: Eh1. 4) = 'E10. 4) 
FORMAT<'ERROR CDYEJ <E11. 5) = 'E11. 5) 
FJRMRT<'JNITlAL COlMER 11 <E10. 4) = 'E10. 4) 
FORMAT(']NJTJAL COlMER 21 <E10. 4) = 'E10. 4) 
FC•f.:'·1AT<···E~:r.:OR CC•!r1ER 1 J <EH. 5) = ·'E11. 5) 
FORMAT<'ERROR COlMER 21 <E11. 5) = 'E11. 5) 
FO~:i"AT C PATH LEtJGTH < C1·1) = ·' F7. 4) 
FORMAT<'NUMBER OF DIFFERENT WAVELENGTHS 0:11) = '11) 
FORMAT<'WAVELENGTH (F5. 1) = 'F5. :1) 
FDRMAT<'THETA ~ 100 ([1:1. 4) = 'E11. 4) 
FORMAT<'ERROR IN THETA X 100 <E12. 5) • 'E12. 5) 
FC•F:i1iHo:/· IW CC•N'·/Et.:GEtlCE OF ALPHA riFTER 50 STEPS''/) 

FOr<!·1r'HCCC\J!1F'L[;iJ:';L?:o\'. FFH1L = 'Eli. 5' ERROR"' 'E11. 5) 
FOF<t1ATCCD1'EJ: It~JTJAL = ···E10. 4"' FJNAL = "E11. 5 

' ERROR = 'E11. 5) 
FORr1ATC'CC•HtE~:··u• J: JNJTJAL = -·uo. 4'' FJriRL =''Ell. 5 

Ef;·t-:C'R = 'E11. 5) 
;::~•c:nPT<.·'·AL.L E~FWR USED') 
FOgllAT(/'THETA ERR RS Z~ROED') 

FC'f'<ii~iT•:/··c·H1ER. D'1 , THETA EI<:RORS ZEROED/) 
FORt·liH <' NE~·l C C•','[ J R S'r' 5 TE11? 0.1=tiO.. t<Z=','ES) ' 11) 

~JF:ITE<L ?00) 
w;: 1 it:< 1. 7:18) 
~~t::JTE<1.- 720) 
L<R r n.: u. ne) 

10 cr.2=0 
EC2=0 
Rt:=i. 
FEf1D<1, 750)f( 
J F OC -1 HG .. :15, 11 

11 lF<K-2)10.13.12 
12 IF<K-3)10.:15.10 
13 RfC=2. 
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c 
C EtiTER COUCErHRfHJOfJ Cof'ITFl 
c 
15 REA0(1,800JCRY 

f?Efie> < ~t. 81(1 l ERCA'y' 

f<·Ef1C•U .. 8J:UJEf\C 
17· READ(1,840JCH1 

20 REA~(1,858JCN2 

25 ~:RD(1.860JEC1 

l F ( tc-:L> :~5~ 30) 25 
JO ~EAD<1.G70)EC2 
c 
C ENTER CD DATA 
c 
35 READ<1.875)8 

f':EAC• <1, 88(1) W~AVE 
C•O 40 1'-":l. t<l<!AiiE 

~JRlTE<l.• 740) 
REA0(1,885)WAVE(l) 
REA0(1.893JTH10G<ll 
READ(1,895JERTHCJ) 

4G corn ltWE 
c 
C CALCULATE EQUILIBRIUM CONCENTRATIONS 
c 

iiL.F'HA"'O 
CSUM=<ERCAY/CPYl**2. +(ERC/C0)**2. 
DO 50 !"'1. 50 

CALL FREE <FRE1.FRE2,YALNEWl 
A:. F =;::: ,.-i 1

;
1
:t: VAL~~;:. ~J 

Fil.f-"r,-=FiLF/<1. +ALF) 
[JFF=ABS<ALFA-ALPHA) 
ALF'Ht~=f'ILFA 
F'L £ ;,<=C il"'ALF'HA 
C"'Cf'.1-PLEX 
CALL FREE (FRE1,FRE2.YALNEW) 
lF<DlFF-. 0Gl*ALPHAJ60.60.59 

50 COtHHWE 

c 

iJRlTE<1.· :100) 
GO TO 99 

C PRINT EQUILlSRJUM CONCENTRATIONS 
c 
6G ERPLX=SQ~T(FLEX*PLEX*SUMl 

WR!TE<:l,928) PLEX.ERPLX 
WRJTE(1,930l C0.C, ERC 
WR1TE<1, 940)1, CN1.FRE1,EC1 
1~-(~(-:,."":)7~3 .. 65) 70 

65 W~lTE(1,948)2,CN2.FRE2.EC2 

79 1F(NWAVEl99.99.75 
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fl 

c 
C CALC:ULRT[ C•CL TA f:YSJ<_OrL lF C•ES1RED 
c 
75 WR1TE(1,950) 

CflLL THETA 
C· 0 :.;:(; 1 '-'1, Nt~INE 

ERTH<J:>=3 
so cornJ/WE 

l.Jf(JTE<1· 960)· 
CfiLL T! lCTA 
ERPLX=ABS<PLEX*ERCAY/CAY) 
!FciTE(1. S"70) 
C~<LL THETA 

99 !JR1TE(1,740) 
F\EfiDO. 999)1 
!JR1TE0.?40) 
JF(J) 10.17.10 
ErW 
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ii) Subroutine THETA 
I' 

SUf':f::QliTHJE THETA 
C0i1i10tl l'f~'·/E, TH100 .. ERTH .. IH<f1\'E.· CtH, CN2.· CG, F'LD:, 

2 B.K,RK,RLPHA,ERPL~·EC1,EC2,CSUM,SUM 
DJt·1Er~~10~J l·ifir·/[<S), TH.:!._t:n:_1<t.~) .. ER1H·~6) 

710 FCif<:i1clT•:/F5. 1·· I.Ji1:. THETf'l :"; 100 "' ···E11. 4,.. Ef<:ROR = ,.E12. 5) 
720 FORI1AT<F5.1'. Ni1: DELTA EF'SIL!JN = ···E10. ]·' Er<:ROR = ·'E11. 4) 
c 

DO 1 (1 1 =:1.· IH'fl'·/E 
C•EL!:f'-'THlOG< 1 )/C?2S::::. :~PU::i<:>t8) 
5L•i·1"'<UnH<! .1/fic:S•: TH1(Hj( I)) )**2. +<ERPLX/PLE)0**2. 
ERDEL=SORT(DELEP*DELEP*SUM) 
iJRi1E<1, 71\:1) l·lf'i'·/EO), TH1::H30:1:> .. ERTH<l) 
llR 1 TC < :L 720:: l~fi'·/E <!), C•ELEP, ERt:OEL 

10 co~nwuE 

c 

RETURN 
END 

iii) Subroutine FREE 

SUBROUTINE FREE <FRE1,FRE2.VALNEWl 
C:Oi'li101~ '"-i'·!E. TH1•~0 .. ER'fH .. WH1'·/L CIH.· CN2. CO. PLEX, 

2 8 .. f::, ;i(, r~LPHfi, EF:f"UO:, EC1 .. EC;;:~ .. C5Uf1., SUM 
C>H1EIEE1N W'i'·/E(6), TH1(H)0:6), ERTfi<6) 

FRE1=CN1-RK+ALPHA>~<CB 

F ;;: E 2::c;; ;::-R f<•i'AL PHA*C 0 

FRE2=:1. 
RETUR1J 

54 VRLNEW=FRE1*FRE1 
SUM=CSUM+<RK*EC1/CN1)**2. 
Fr:E2=1. 
f;:ETURr~ 

56 VALNCW=FRE1*FRE2 
SUM=CSUM+(RK*EC1/CIJ1)**2. +<RK>~<EC2/CN2)*>~<2. 
Ri:TURN 
END 
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C) Sample Run , 

. R EQ 

THJS PROGRAM CALCULAT S EQUJLlBRJUM CONCENTRATIONS, 
CD DEL~H ~PSJL0NS. AN ERRORS FOR EACH. TO CALCULATE 
El~U :i L 1 8R 11_111 '·/fil_L:Es AL m::, EtJTG< 1:3 FOR Ef'ICH ERROR AND 
IWi·~E:ER CF ~lR'·/ELENGTHS. 

:1:1<"':1), 2:1<=2) .. OR 1:1::t•:=<n COt1PLE)<?;;: 
EOU T LJ ilR HI!~ COtiSTrH·.JT <E:ti:3. 4) = :1. :::E+iJ5 

1 U lT Ii'll. [ C•'r'E J : El>3. '-D '-" . 04J:E -03 
ER~GR [DYEJ ([J1 5) =. 002E-03 
lHJTJAL C~lMER 1J <E10. 4) = 2. 9E-9l 
ERROR CDIMER 1] (£1:1. 5) = . OJE-93 
PATH LENGTH 'CM) = 1. 
HUM8ER OF DIFFERENT WAVELENGTHS CJ1) :1 

:U1'·/ELEIIGTH <F5. 1) ::: J05. 
THETA ii JOl, <E11. 4) = . 712 
EPRGR IN THETA X 180 (£12. 5) . 9:4 

~( = 0. 13•H~E +86 
CCO~PLEXJ. FINAL = 0. 22128 -G4 ERROR= 0. 5229JE-05 
CDYEJ: l'ITTJAL = 0. 4JOGE-04 FJNAL = 0. 203 7 2 -04 ERROR= 0. ~00C0E-85 
cr·.'r~::~>~:! J: JtJJ"i1f1L = 0. ~:~:?COE:-:_1·~ F1~1RL:: J.j_ ;:·:~;:.:;:i E-~)2: f;\'r<OR = 0. :;.,:<H:t~)E-04 

ALL ':RRORS USED 

J33. a NM: THETA x 1oa M o. 712~E-ao ERROR= a. J400oE-01 
305.0 N~: DELTA EPSILON G. 976E·'01 ERROR = 0. 2352£+01 

THETf1 ERR':tR:5 ZEROED 

305.0 NM: THETA X 100 0. 7120[-0~ ERROR= 0. 90000E-09 
305.0 NM: DELTF EPSILON 0. 976E+01 ERROR= 0. 2306E+01 

D:it1ER, D'r'[, THETA ERr.:C1RS ZEROED 

385.0 NM: THETA X 100 = 0. 71~0E-OO ERROR= 0 00000E-00 
305.0 NM: DELTA EPSILON= 8. 976E+01 ERROR= 0. 2251E+01 

NEW CDYEl OR SYSTEM? <O=NO, NZ=YES) 1 

1:1<=1), 2:1•:=2), OR 1:1:1<=3) COt1PU:::•I? 

200 



Appendix 8 

SUPER SPECTRUM DATA SYSTEM 

The Super Spectrum system of programs is a 1 ineal descendant of 

the system described by Tomlinson (1968) and is used to acquire and 

process data from the Cary 60 and Cary 118 spectrometers ivith a 

PDP 8/E computer (Digital) and a RK-8E disk drive. The updates and 

corrections to the program have been extensive; the main differences 

are modification of the pen averaging routine to use the exact "sta

ble averaging" algorithm (Savitsky & Golay, 1964), the addition of 

plotting routines, and the creation of an overlay to transmit data 

to the Lawrence Berkeley Lab computer system. 

Complete operating instructions and listings of the programs are 

on the enclosed microfiche. All programs are stored on punched card 

decks and on GSS tape 10515 at LBL. A handbook describing operation 

of the system and assembly of the programs has been prepared from the 

OPERATE program- this is available in the lab. 
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l. Introduction 

Appendix C 

CGr'lPUTER PROGRAt;JS AT LBL 

The programs PREPARE, SMOOTHS, and PROCESS translate, average, 

smooth, and perform other manipulations with spectra from Super Spec

trum. The programs are designed to run in succession: the output from 

one is the input to the next. These programs are descended from the 

programs described in Borer (1972). Hore information on the ID re

quirements and formats of the spectra for proper operation in this 

system is listed in the OPERATE program of Super Spectrum (Appendix 

B) . 

2. Program PREPARE 

A) Oper·ati on 

i) Input 

The hexadecimal spectra files on PSS created by the transmission 

overlay from Super Spectrum. 

i i) Output 

The file OUTPUT contains a summary of the data translation. f'1is

read lines are listed here. This is usually placed in the HOLDOUT 

queue for immediate viewing. 

The file TAPElO contains intermediate listings and plots of the 

data. This is usually deleted, but may be DISPOSEd to microfiche, if 

necessary. 

The file TAPE30 contains the translated spectra in a form accept

able for SMOOTHS. This file is carried over to the next program when 

the tvw programs are ~~un in tandem (below). 
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iii) Errors 

Stray or missing bits in the PSS file will always prevent SMOOTHS 

from starting after translation of all files is completed (if possi

ble). The line in error will be listed as read with an error message 

on the file OUTPUT. The original listing of hexadecimal lines will 

contain the correct information for comparison. The entire data file 

may not be read if there is an error in the parameter line (1st line) 

of a nevJ spectrum; correction of this error is necessary before the 

rest of the file will be read. 

B) Listing 

i) Program PREPARE 

ii) Subroutine UNLOAD 

iii) Function UNLOAD 

iv) Subroutine R~DO 

v) Subroutine PRNPLT 

vi) Subroutine PLSCAL 
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PRQGtlA/1 PR[f>APE ((r;;:>UT,OUfPUT,TAPE13,TAPE5=-INPUT O,TAPE30l 
---c~~-»-~ -------- --~------·~--- -------- ---------~-- ---- -- ·- -~------- --------
C'""~* 
C**•-* 
($~~ .. 
C* ~ ~ ,,, 

:i<>l'<'*THIS VER$!01~ OF -PREPARE- IS CO-'PI\TABLE WITH TI-E ll\'fESi 
"*~"'UPDATE OF -SU?ER SPECTRUI'- OM.v' ll9£l~ll. 'W PREviOUS UST;.;--- -·----·-
*'**~C\1 THIS CSS TAPE IS SC STHCTURED. 

C•••~ THIS PROGPA~ ~EACS CATA CUT CF PSS AND ~ANSLATES IT FROM HEXA-
. C*"*"'- CECi~.\l ~·,JuE:· OA[II wSS-RE:<\il ll\ ;HRI'U<_;H Hl!_L.OVEPLt1Y. !1\IJ!~flER--~r·CiF __ _ 

C•i** SU?E~ SPECTPUM A~J STORED AS HE~ADEC!MaL CHARACTERS, THREE CHARAC-
C_. • .,_ TERS/1-tC?D. 25 1\CJPJ~/UI\E, FLUS C!-IECKSU'-'. fl·PE5 F-!LE Cct;TI\{N$ THE··---· 
C**** CATA OUT OF PSS. TAPElO FILE ~Ill CO~fA!N PPEL!MI~APY T?ANSMIS-
C**"* S!CN OF THE D.\TA, ll"C !\ILL RE fURTHER US:'CJ IN H·E FRCGPAr~ S'1COTH.-----
C*""""" TAPE30 FILE l$ Trl!: TRA;,SLATEC Ot.TA fiN'; w:I.L ALSC GC TO THE PROGRAM 

-C''"''T'"' S"'CGTH-~-- rAP E3 0 C!d(--/l L s.:r BE- S TCR ED- ON . r A::> E;- . M-t{ ~« RCP s-·r w·TRAN s:..---.-
C••~* ~~~SIC~ ~ftLT kRIT!~G 0~ fftP~IO ANO T~P~?~ AND CfLETE THE~. TAPE13 
CHH CCtiTAH'S li-'E FILE CCNTRCL AND I:> REW.<.!TT:'~l IF TKA~SIIJSS!ON ERRORS _____ _ 
C**** C':CUil TO HALT THE PRCGRAM SECUENCE. A TP.MiSMlSS!CI\ SUMMARY IS 
["'*,.* PR!NfEO CN THE FILE OUTPUT, ALCNG WITH ANY ERROR i"ESSAGES~ ---·---- ·-----··-

C*"'~" 
--· ---cc."~Cl\70lTCoTYcC l 

7)0 

701 

C.C~<r·~G~~/i-ii\VE/WAVEI3COI 
C (M~CN /lOA T A/ l DATA I 300_t ___________ _ ----- ·--- ------ -···· -------·-----
CO~r~C"l/l SUM/I SU~(40) 
f; E t.L CC, n<l. VE - --- -·- --·-- ------------·-·--·--· ----·---··-- ---------·--·-- --- ·----

11\TEGER IDATA, ISU'1 
C!'E"-SIOt-. p:,;t"(6! -----------·-~------------------------

I 1\ T 0: ·~ t' P IE X P ( 3 l , !.'~AI\ I 3 I , l HE ~ 0 ! 8 I , I P lJ N P R I ~ I 
For<·•n!*l~t*CU1PUTE Sr:IFTS? >~>,t.3,5X,>t< PU1~CH- Av DATA? *sA3t5X,-----------

$"- )"'COTH D~TA? >~<,A3l 

FCR'-'ef(3A3l . 
·1 C 2 F C F c' ~ T 1 * G * , 4 X , * I D" , 6 X , *- V S T A k. T " , .t X, "'IE "0,., 5 X , 1' Y ! NCR >1- , 8 X , * 0 0 -~ , l C X , 

71€ 
14Q 
74 1 

···---$~· E*, c;;~, n SC !L r:·*, 3X, '*~ P l 54 '1·-; ;64 X t* {X (). 001")- ~:.. ·,-;-r-· ----------- --·· ·------··--
FCR~~TI*-*9!3,* S)ECTRA READ FROM FILE*! 
F0f;.MH(26R31 - .... 
ro~v~TI*-*rl4,AZ,~2,//,1X,*START= *•F7.2,t hM, END~ *,F7.2t 

$"' 1\ ·~, l .'<1 C R E 'l E l'i T I -\ G 8 Y >t, F 7 • 2 , " ~II'"*, I, 1 X, "'0 D FA C i"' *, F 10 • 3, - -- --·- --- --
$*, r:PSLO~;= *oFl0.3o*• SCALED O.CC\11= *•Fl0.6,/,lX,I3, 

-------se· ;:J!,-:-A-POir;rS*~//r,! !H ~24!09-;lx•-;04-fl- ------~---- ------···--· 
7 4 2 FOR~·, AT ( * 1* , ! t,, A 2, 4 2, 2X , 3 I F 7 • 2 , 2 X l , 2 IF 10 • 3, 2 X I , F 1 C, 6 t 2 X, ! 3, I!) 
74? f'OP>J.6T(3(~;?X,Ft,,C,JX,Fl3.4))- - -· 
7 4 4 FC;; 'H T ( I 4, A2, A 2, 3 ( F 7. 2 l, 2 IF 10.?), F1 O. 6, I? I 
1 4 '5 F 0 R I' .H ! I 4 J ·- - - -- ··- - ·- • -

?46 FC9~lT(*l~l 
- i4 7·--- F CR'>AT l*•::*r*:JiiPA"Cki~C CF-LlATrRALTEO;-DNABU:" m-SET' NUHPTSi,\y------

7 4 8 F 0 r< f'. t. T ( * * , ! 4 , t. 2 , .\ 2, Z X , 3 ( F 7. 2 , Z X l , 2 ( F l 0, 3 , 2 X) , Fl 0, (:: , 2 X , I3 l 
1 4 c; F I. R ~-· t. T { A 8 , /:. 2 j -- -- . - --- - - - ------

150 FORu~TI*-*•*C~E c; ~ORE TRANSP!SS!CN ERROFS HAVE CCCUFRED 4NO MUST 
$ B= CORREC.1~D .. BEF0RE CC~PLETE WOPKUP OF DATA IS--POSSIBLE*)-- ·····--·--··-·· --

PE:..;Tr-.u lC 
-----Rf;.;IND-3c-·---·---------~---~-----

Ff~J!5,7011 IPLJNPR 
F?.Pn 70C, l PL:NPR -------------·--;·-----·---··----------------,-------------

~c:TECJ0 1 70l~ IPU~~R 
F R! 1\ T 70 2 .. --- --- - -- -·-- - ---·----·---

1\SPE'::T::I) ---
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ITRE!<=O 
l i\ T R N S ;;0 ---------·-
TR~NSLATE SPECTRU~ CCNTROLS 
H A 0 ( 5 ' 7 4 (., I ( I D AT ... ( I I • I 7. l t 2 5 I' I suM 11. i-- .. 
!F(EGF(5l.:\EoCl GO TO 49 
\.R!fE(lf',7t,6) . 

_____ C A L L U \L _r; A iJ . !J . .J . ._t_~J_.r:ii_S_:.) _____ ----
C8~i~J!=l,4 

IHEAOI Il-d ICATA( Il.AI\O.l'TB) 
~10 rc;~TlNUE 

!Ol~IHEAD!ll¥1000t lrEAC12t*lOO+IHEAOI31*10+1HEAD(4l CC 411 I =5 ,8 - . .. -- - ·-·- - .. ----------------~-~--------

!NT= IO CO C E l !0 AT A ( I ) I ------ r HEADi -~' = Itir" ____ ..;.._;___;,_ _____ ·-----
411 CONTINUE 

ID2P~!HEADI5l*lOC3•I~EA0(6l 
10 3 P = l HE MJ ( 7l * 1 OC EH l HE~ 0 ( 8 I 
CECCCf.(l\',74't,IO~PI IGAR,iD2 
CECC:OE (lC, 749, 10?;:> I IGM~, I03 

------PAR A~1 -(f) -·;-(FLOAT (!5. 1fT-A I (_rf•-i OJC-Vff+(6AT-A.ffbl.1 J /16 • 
PAR A tJ ( 21 =FLOAT ( f CAHIll I I 
::> H A" 1 3l "'1 FLO AT 1 l+ c 1 .Ncr .-r or. T A 112 1 T. AND. nna ltlllC~--- --·---------- -------

1\ PT S = 1 +I t • t\0 T • I D A T A I 13 I I • ~ N D • 77 7 7 B I cc 43 1=1.3 -- --·-------· 
J:?»(4+! I 

-----!EX? {f-);; i~J4.TA-( y.:·f)-~-----------------------· -------------·----~--~ 

!1-1/:'J<I t= 10.'-.TA(Jl*lC:CIOJB+IDATA( Jtll 
lF(fiEXP(!),A.'-;0,4CJ•)81.EO.Cl GO TO 42 ___ ------------------- -----------

! E X P ( I I= - ( 1 + I ( , ;J 0 T , I EX P I I I I • a"' D , 7 77 7 8 I ) 
P ,\ q A 1-' ( II- 3 I" F l 0:, T ( I "A~ { I 1 I * ( 2 • *»I IE X PI I 1-2 ·3l ~- --·---------.' 42 

IF:~, S? EC r: tJ: ~:-c:r .. .'.f~ Ti~nf~ s-;~~r:-:-oi·- c·a--ro· 4_8 ___ _ 
lF(I;)"ECT.E;;;.,).A,\),!1\TRt-;S.E:J.Ol NUMPfSo:NPTS 
l F ( r; $ 0 EC T, ~; E,:;, A 1,) • l t-, T R ,\ S, NE, 0. IH;O. 1\Ui' P f S, NE ,I\ PT S) GC- T C -,, 8 ---- -----··-------
!F(NSPECT.NE.J.AI\D,!NTRNS.EQ.O.AND.NU~PTS.NE.NPTSI NU~PTS~NPTS 

C~••• TRANSLATE SPECJR~M FCI~TS 
--- -- - -- --·-------

f< E t-. 0 ( 5 , 7 4C> I ( I I fl 4 T "' ( J + I -1 J , I = 1 , 2 51 , I S U "l ( J /2 5 + 2 I • J::: 1 • NU M P T 5 • 2 5 I 
---- LI-..CNT --I (1\lU"PTS+-241 /2-Sf+C----------·-- --·--- ---·-- -- ·-------- ----· 

43C 

C4LL UI\LCAD (2,LI\Cf\Toli\TRNSI 
1\SPECT::NSPECT~l 

- -------- ----· 

!FC!tHR'JS.f'iE.CI_GO TO 430 
P R II; T 7 4 8 , l D 1 , I 0 Z , I D 3 , I P 1>. R 4 'I ( I I • ! "' 1 , 6 I , N P T S 
I Ti<ER~ !TREiH!I\TRI\S 

~·-~·- ~-.IF C r TR ER .UE. 0} .. GC. TC- 4~c----,----...------------------------------
c•~~• TAPElr ~ILL GC TC MICRCFICHE WITH TRANSMISSION OAT,, RAw DATA 
C llll H I A 8 L ~ S, AN 0 P l C T S - - -

hRiTEI10,741l IDl,I82,I03,PAR.-.IJ,I\PTS,!!DATA{!l 1 I=l,I\UMPTS) 
CC 44 != l, 1\PTS --

1< A '-1 E (I l =PAR A ~q U -F l 0 l rt I -1 l *FAR 111" I 3 I 
---·-------if- ( (!OAT t. ( ll ~A~:J.400CB r;;-EQ~(l ("GO TO- 43T-- -~-----------·---

.;:n· 
44 

lOt. TAl It=:[Ot.TAI[ l+777777777777777100008 
CO!! l"PARA.'H6!*ICATA!IB 

·-""--- ·-·· ... 

ccr; r nwe 
~RI TEl 10 t7421 JOl, IDZ,IOl,PAFA~·,f\PTS. --------~·---
1 ! =~I PT Sl 3 t 1 

205 



CC 45 I=l.ZI 
----- ·-· · · J" x t x r·-··· -------------------------- · · 

45 

K" J t II 
~o<PITE(l0,743l h~VE(!I,CO!flvt.AVEIJJ,CC!Jl,WAVEIKI,CDIKI 

cern INUE --.---- . '" ._ -- . 
r. ~ l TE ( 10 , 7 4 2 I I ::l l. , I C 2, I 03 , P <\fl A /1 , N P T S 
lOEV=lO 

------X fJ ~~- Y::; P 1/fl--f~\\ ( 1-~------· 

X H;C" I P<\ F u 11 ( l l- PAR AI' I 2 I l ll. 00 • 
fj, !CE=XI 1\C 10.5 -------- --------------- ····---------- ~------------------

J'l= TwiCE 
IF ( t·~. N E& Tv; ICE) ·-XI NC ~ Vo ~•{ H •1 ,----- -·---- -------------------------------- --·~--------

ISY"l 
cAl.L- PR'frcr-n,·r,vcn-,-,cc ccr;·x ~--~~-x;xrN"c-;v'-~ Ax·, -y rNc~·c-;·! s·'Y;Nf>ts·~~ oE:v-r---
TAPE30 nlLL GC TC S~COTHING PRCGRAM AND TO STORAGE CN TAP~ 
;.RITE!32,7Hl ll)l, fS2,!03,PAilAi"',~'PTS .... ··-- ------------
~>PITEC::J,745l llC~TA(tld=l,NPTSI 

. ----- --· .. .. - .. ····-------- ---· ------- - .. ··-·· ---· ··---·----~------GC TC t,() 

48 PPiNT 741 ---·-----n L CR EOC 
4q PRINT 718,NSPECT 

- ----- 1-P l TE I 10, 7Ci'l l IPUNl:>R·--·---------------·-------------··------··--· ------·-·--

~o>RITE(l0,7181 NSPECT 
EI\Of ILE ?0 

. ------·-- -- ---~------- -------··-··--··----------~-------·--

lftiTRC'R.EQ.OI CALL EXIT 
PR I ~,-t 75-C -- --·-·----- ---··-------------··-----------------

CALL REDO 
El\0 
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SLBRCUTli\E U~4LOAC lLCL!M,LNCIIT 9 1NTRN$1 
.. -i.Y:ou- Cet<VERTS l lUES -OF-HEXACECJ,~t..LO-ATA- C26-wDROSYLIN(;--7i3-(i"il',RACTEf\_S_I __ _ 

("" "* TO 8 INAR Y FORM 
C*~'** UST riCRC 13 CHARACTERS! IN HCH LINE IS CHECKSUM 

CO"l~>'C"J/I CA T:../\OA TA I 300 I 
CC~~CN/ISUM/NSUM!401 

li\TEGER ~DATA,NSUM 
----- It~T EGF:·R~ N( ~ J ;"H':Ah-i8 J;--cp~-f-~-(-25-) 

751 FGR'·It T I* "', BX, *CCti TROL LINE CF SPfC TRUM * 9 SR 1,_ __ ----------------- ____ _ 
s•, OCTAL ERROR I~ 1\TCT= e,04l 

75 2 FOR~Ofl* *,8X,*OATA LII\E NU~BER •,I2,* CF SPECTRUM *•BRit 
S*t CCTAL ERKGR If\ f\TCT= *r04J - . --- -- -·--··- ·----~----··---

75:! FOP:ATI*+",BX,•Et;RCR Ill DHA TFAI\SM!SS!ON*,/,9Xl 
------$-.E;;RCfC-i N-CATA- TRAIISi-' (S-S !ON_4<_) _____________ ---------· 

754 FCR~AT{* *,8Y.,25(R3,1XlolX,R3l 
!~DE )C= 0 . . -- -- .... -·--- --------·-·-··· -·- ------·------------- ------------- ~ 

CC 57 != LOL!N,LNOH -------------- NTOT=O - -- ----------------------------------------------------------------------

00 51 J= l, 2 5 
-------- -U;c-(x;: lNOEX+l 

C**~* SAVE LINE FOR POSSIBLE ERROR PRINTING 
LOt.TA(Jl=I\DATAI!NOEXI- -
N ( 1l = ( ~; 0.!. T A ( PW E X l • I N D • 77 8 I 
~; i 2 l =I N J ~ T A ( IN 0 EX) • AND , 77 C C 1.3 1/1008 

-- ·--.-·~-~-·- ---·-

~· I 3 l ,. ( ,\ J:. Y A l I ~; C E X I • M; C • 7 F• C C: 0 B ) /1 G 0 00 B 
--u*~*CC)rLt.Y l'c•::;:: ~-'fX.'.JEC!'1C.L TO 811\AR{ CC~';VERS!CN-----------------

C•~** DISPLAY YODE REPRESENTS 0-9=33-448, A-F=Gl-068 
CO 5C 1<=1,3 --- -- -- -- -- ----------------- --------- -----

I~'!I~!Kl.AI\0.7CBI.E::J,OI N(Kl::NIKH-448 
I'd l<)=~;:r.l-338 - -- - --·---------- ·--- ·------------

5] CO\TI~LE 
b~·-··--~~--- · i\ rcr =r~ ror·+r{( fl .. •l\(2.i+rrr3· .-----------~----·~----

t~o-H A( i.'<CEX):~J lll+l6*1\(21t256>~>N!3) 
':1 CCt\TI"JUE ---- -------- ------ ------------------------
(*~** ChECK Lli\E TRANSV!SSION 

N 1 1 1 "c t, 5 u1~: 1 1 • t. ·w. 77 e 1 
N I;: I =I t,S:J'1 I I I ,A'< C. 77CCB I /1008 

. --------NL? l -=! ~,su.V.Il f;t.t~C.770JOCBI /fC')-CQB-----·-----------·-------------

52 

DC 52 J:l,3 
!Ff!I\{JI.AN0,7081.EQ.OI N!JI=N!JI+-448 
N(Jl "''<IJI-338 

CONTINUE 
~HCT.,NTOT-Nill-~6~tN( 21-256>~N!31 

--~-------I f.( LCL I~ .r~E .1 f GO TO. 54-·--·--···· .. ---- ... ---~--------~---- ... ----~-~------

C*••• SAVE !D FCR PCSS!3LE ERROR PRINTING 
DO 53 J=1,8 -

NHEAC! JJ=IDCC8EINDAT4(JJ I 
53 CO~ T IN\JE 
~4 !FOJTCT,EQ.C) GO TC 57 

--C*i>"*--1\C TC ERRCi\ S ThAT ·acCORRED~rNIRANSMI SS[Qf\f ___ ------
l ~. T R I\ S =- l N T R /, S + 1 - ----------
!F(LCLI'~.NE.U GC TO 55 
PR!NT 753 
PRINJ 751,NHEAO,~TOT 
PRINT 754,(LDA.TA!LI,L=1,2SlvNSUM(11 
GO TO 57 

SS----- P-R-INf~75)--

PPINT 752,!-l,NHEAD,IHOT 
r :<I :n 7':..:,, I Lu.!. T:. l L l, L ~1, 25 i ~ ,\SUi-1 ( Il-- .. -- ------ ---------·-- ---- ------·---.·--·--

57 CONTINUE 
HTURN 

----- --- ~---·-··-·--· --··---·-•F ·--·-··------ ----····------------·---

----~~~.Q__ 
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FUf\CT!C"J IDCODE!!rTYI 
·-c,~ ** CH:.c tC TE P IN- 8-81 f .~ SC IT CODET0-6-erf ·a!sPTi.F-tcb-CcbNiETsioT _____ _ 

DIM~~SION ISPEC!27) 
C ~ T 4 ( IS PC C ( J ) , J =! , 2 7) I 53 8 , 5: B , 5 Z B , 578 t 508 , 5 l B , 4 '16 , 7 58 , 40 B , 548 ~ --- ---- -----·- --

$568,?4£:', :!3fld5S,728,4*4)8,36E,2*40B,76B,3*4')3,73B/ 
[TTY=[ TTY. AND.00778 --·----- ~. -----------------

IF([TTY.Gt:.33BI GO TO tO 
------ -IOCOCE"l TTY·--·--------------------------------

PE TUF'N 
60 F! I TTY. LT .60B.CR;IT T'i'.GT. 71 Bi ·e;a··ia· 61·---- -----------·- -·--··--··· 

ICCCOE'-'l H¥-258 
P:.:TURN 

61 co 62 1=1.27 
------- r F ( r r rv-;:ro-:-rs P"EcTTTrc·a-rce 3 

62 CCNT iNUE f<E TU!lN. ..... -·- .. - ------ --·- --··-- ----------- ------·· ----·-- --------- ------

63 ICCCDE=l+448 F<E iURN ______ ·------ --------------------------.---------------------------------

END ----·---------------------------

____ ---~L5RCUT!I'.E __ REOQ --------------- ---------·-------( * ~ • • r; on:: l T E T 1-<:; ,::::; ~; T P r; L F! l!: T 0 EN 0 RUN 
8CC Fcr;~•.-lT!*CELUE,TAPElO, TAPE30.*1 
ec2 FO~~AT!•CISPCSE,CJTPUT=PR,HO,T=(JRANS~!SSION/ERRORS1~~i 
80~ FOR~~f(*E'NCL.*) --·---- -·--~- ________ ------·-----------

RfwP,O 13 
_______ "": n: t 1~ , <J co~----------------------------· 

~o<Pli"CIE,302l 

";; 1 TE ( 13,8 C3l ________ --·---- ____ --------
~Ew!ND 13 
CALL EXIT 
END 
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____ S!;'lE_C}T_l_t:_t_e_r::•;c_L_T__(~_!:.':!_~~,_!:'_[~_C_8.1 J'_':';_A._X_,_y_I_'ij:f:t..L~~SY.-'-'-'N_,_P-'T_,S'-'I ____ _ 
C**~» Pfdt:f:Cf; "LCT F-U:JTll\:: ·~.S.lTZKCi.,!TZ Nf\Y l9b7 
.C~H>l PLCTS THF 0.\Tt. GIJE'iR_Y X(II AND_Y(II, wHERE I.,l,NPJ_5t___ __________ . _____ _ 
("'"*"' 0' A 51 .X llJl GlliJ . 
(*"'*"' IF !SX OP !SY 1\R~ f\CNZE~O, THt C'JRR!:SPONO!NG 1-'AX!IolU~--------------··-·· 
('"''"* 6,'..[) It:Cf~f'1f:\;T~L SYEP 1\RE CO'IPUTED 
(':*"* iF Xl':c;;, S:< YI~JCR j~f ZfRC, Tr<E PRJGRt.M RETURNS wiTH t.N ERROl< NOT!: c.-H'" ~c 1-.,,.,,jr- -t:::.~:: r-s··-~~, {oTs r«·e:·.;~-o----·- · 
C:i'"~* IF SC.'.Ll'~G IS DCJIJC, THE CCRRESPCIJOJNG NEI'I vALUES Of __ T_IiE __ _tl~Xl .. ~.U.c_'!_ __ . __ 
C*-*"* M;:J STEP SIZE MC f'foTU~"lED .... ··-·····. --

__ . __ u ! ·~ [ t, S Ill t\ X ( f < P T S l , Y ( 'J o T S l , I :3 R l 0 ( !0 5 I , X~ XI S ( 11 1'-----------
Ir,fEGER PL:.'H~;o::JT,PUJS,STAR- ··- ··-- - -- ... 

-----::[AT t __ Q L.\LK '.-"1-'-H'-'/'-------------------------------
J..\rA JCf/~H.I 

(t.Tt. PLUS/~H+/ 
------·CAfA ST~Q/lH*/'~--. 

9(' 11 f'CP'~ f (: f::X,: l (_""_;.1.' ,_<;X 1._:1:__ ______ _ 

9 [· 1 F C R :~AT ( ~ 5 X ,1 C 3 ( * •"' l I 

<; ':' 2 I= o;: '' ~ T ( l 4 X ,~1:..:=~5"'-A.±.l.!..t---:--:----:-:----:-:----------------------
SC3-Fc;; v ... r 1 ::x.-2: :. 4.: x '" H , 1 ')sA 1 , * +*, 

9(4 FCP1-'H(7X, :~.(FlO.:: II 
--9::-·=-- ·Fe Rl·~ Arc",.,,., , 4x ;"~~v: o2fct=--i!cif r;;rs-;-*-;f4;* ____ VINCREH E·iir= *~-Ell. 4, 

$ * Y ~' '.X I :1 J ~ = " , E l 1. 4 , * Y tJ I N I M 'J M = * , E 11 • s·c;- FCP'-' AT("' '",II lll •* SCt.L!NG ER-RCR IN P"NPLT*l··-- c.c_------·------·-·--·-
l SC L :':; =.1 

nSCLERl __ 
1 F ( ! S 'r' , ., :'. c. I Ct. L L P L SC .1 l ( \' , 'r' ~ A X , Y I N C R , I•W T S , 5.1 , Y D ·~ .1 X , Y C M IN, 

SISCLEPI 
1 F (I SCLC:P, H:~-C ,-·Rr: TlJRI:J··-------·-----------·--·-;•---------··----·-
!F(X!'.C· .f':O,:',Qc;,yy•,C10,C:Q.01 GC fO 78 
·:..~ x-:..~ I)~;~~~-~: l~~ (lNt"~ 

YAXV(~=r:,"l*Y!NCR 
------··· IZ:.~C-=Y···.~;t./Yl.:\C~-.-:·.5 

JZEFC 1"3.5-X'~AX/XI'\CR 

P 0 Ir~r c; .... '""' 
------pR !~f-SJ~!-----------------------------------·------------------------~------

CC 76 !=1.,51 

71 DC 7 2 J = l , : ; 5 P;;: ! ~: T g,~ t,, X A X I S 
. I ~o! ::;c J l =i:L-~i;< PR P~ T 9~;~c;~r;P T S ~-yf·;·cR-,-y C'1A-{;-{bMfN ________ _ 

72 
73 

C C\ T !'' u;: f: E TU-;;:R-'1;·=------------------
l G ~ I C! J Z E R r: I ;, P UJ S 78·--F ~T~~ T 90 t 
!G~Jfl( :·-·~l=iJOT PETURN ----- I G ~Tc l-21-;ii:J T --·----n:o :_:__:_ _______________ _ 
DG 74 K=l,'jPTS 

IT EST= ( Y.'L~ x.:. '1 ( K II./ 'r I NC!ft:f:-5---·---
rrcrEsr.·~t:.Il GO ra 74 
J=lJ3,5-(X"AX-X(K) 1/X!NC.R 
!FlJ.Gf,lC::!I J=1C5 

. ·- ---·-·--·--·---'-----
-----------~l~F~(J~.L T~·~3~1~J~=~~~----------------------------------------------

I~R!D:JJ::STAR 

Cf'NT l'J UE 
. ! ;: !''CC• !I ·,Tc i-~E~~·:T-G.CTC75 ------··----

----· Pf'IN T <;"' 2 ,Jg_R JC ______ _ 
Gr; TO 7f:: 

75 Yt.X[S=Y'·'AX-(f-ll*Yf~JCf-1 
n--(t,-i]';(y~ X I S) • l T , Y A X-I' !7N:-:l:--:Y::-A-:-::-X-;-!-:::S-=-;;;O---------------------

PRP:T gr,3,YAX!S, !GRID --=,6·-- -co~~ r 1 NuE· -- · -- -------------------·--
PPHH S01 

---·----·PP INT- ·<;:)·6-----------
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-----"5 U .'}£..CU _r_u;_[_E_!__~C I, l_(_IL,~ ':~.0..x1J.~, CR_ ,_r_~:'_T S_ '-'"l OJ VC'i__,.Q~!..!... Df:IJ!.:l...!__US: L ~.c:P:..!I:__ ____ _ 
c~ft~~ SC~LING ~~UT!~E Foe P 0 ~PLJ ~.S,ITZKO~ITZ M~Y 1967 
(""-4* FULL SCALE r:r PLGT IS .~')JJSTEO MW THE I'AX!MUI~ PO!I\l IS ADJUSTED ______ _ 
C•~$• TC BE 4~ I~TCGR~l uuLT!PLE OF 5,J•VINCR 

c I '~ [ r-. s l c 'I! ~ ll '1 
( l ll • v { 1·J p T s l .. ----·-·- --- ---- ----

c:. T .". ( 1' L !'·~ ( I l , I = l , l: I I l , 2 5, l, 6 C., 2, ') (l, 2 • 50 ,-3 • 2 0, 4 • ('· {; 5 ~ 00 t 6 • 40, 

____ _...!~!' ~~~JJ_~ _ _Q_·~-L~h~f- --~-------------·~-
<; :"' 7 F U !·' <U l "' " , I I I I I , " P L S C lit C At L E D T C S C Al E A!'<? ll. Y I' l T H Z E R 0 P 1\.'1 G E * I 

_______ V '~I U"' V ( ll__ ______________ _ 
I;I"AX=VC!.l 

_____ CC EIC' l= 1, ~PI:S. -----------
1 F ( v ( l l , l T • v ~ 11.: 1 1/ ~1 I N ~ v ( I I 

-~--::-::-:u::J 'L!_I ), ::; r .• v IJA X) V:_l·'..:oA~Xc.."'_,Vc_.l"-'l:.,.l!-._,-----------------------
80 CC'J T 1'\UE 

~P.!,\'GE v'VA:<-y\fiN 
IF (:;; R ~ '.C E, l E, 'J I GO 

·:·-------------- ------------------------------

IF!PA'~Gf,GE,RL!'-'(!11 GO TO 84 
P~\UE:J<L IM( I J ------·- ----·-----··--··-- ---------~--------- ---------------------~-

ll! r~=r 
·.:; C T 0 85------- ------------------------------------·--- • ---·------

--'E'-4'--- cr·; r r \JE, _________________________________ _ 

-T5-

R ~'lt~GE-= ~) ,0 
ll p·- ~r. 

T R ~r;GE =~ t\>TGE "'TF1~-"-"'*! P ~ 1-:GE I 
'v ;>JC P= T>: :.t' :JE /FleA T (,'\Ql V_l__$!_ _________________________________________ _ 
! F U ~ ', t.. l [. C l GO T C 87 

~ ~ ~, G != = ';!:. ~~::; f. 11 ~~ • fl 
J;<~I!GE=!Pt.\G[tl 

--::c-;-----'i:G C T G 9 5 
9~· [v:,x-;;-T;~~ x 

C~,. r r-~=Vf1 I N 
v~' ~ x,;; XI-II, ·x 
C:ETL'~N 

--·g-c--·-~PINT .. G07 -----------------------------------------

ISCLE~R~=~l~--------------------------------------------------------------
FETUR"l 
END ------------

210 



3. Program 9100TH S 

A) Operation 

i) Input 

The translated spectra on the TAPE30 file from PREPARE. 

ii) Output 

The fiie TAPElO contains intermediate listings· and plots of the 

data. This is usually deleted, but may be DISPOSEd to microfiche if 

necessary. 

The file OUTPUT (=TAPE?) contains listings and plots of all 

averaged spectra and difference spectra created with the ID codes 

ST, SU, US, SM, and MS. 

The file PUNCH contains the averaged and smoothed spectra in a 

form acceptab 1 e for PROCESS. This file is punched and the deck serves 

as input in the next ptogram (see note, below). 

iii) Errors 

The order of spectra in the file is important. Spectra with AV 

codes will be averaged with the next in line whether they are in the 

right order or not. Spectra with ID codes SU, US, SM, and MS require 

a second spectrum previously prepared by either one of these commands 

or the ST code. If this spectrum is not present, an error message is 

left and the next series of spectra are run. 

B) Listing 

i) Program SMOOTHS 

ii) Subroutine LETSEE 

iii) Subroutine SHIFTS 

iv) Subroutine WRAPUP 

v) Subroutine PRNPLT and Subroutine PLSCAL (see PREPARE) 
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P;<.c;c;::u"··~ S'·lC~lTII$ (J~;PLT,Ct.:TPUT,PUI\C'i,TAPE30:o!!\PUT,'ft,PE7=0UTPUT, 
---...t.-r: -z.o:> c.--: c-r -------
~ :(<~"' 

H~ •· ""*"*THS TS. Tl!E'' LA 1~ ST VERSI CN OF THE PRCGRAP -SI100THS.-.-M!O-------
t*"-' ""*"'lS fULL'r CGI-'.P.:\1/.\ELE \'1!11- ANY VERSION OF -SU;JER, SPEC.TRU!l·· .. 

:I'H" Th:S P~CC~t.~ ~tAOS THE TRA~~SlAiED SPECTRA FRC"' THE PROCR!Xi-i P;~EPMHE 
,....,.,,,~;:-.:.~:~: .. 11":-TTCCIA?T3JI-:::~'::-'CTFE ~-·n .. -,;; I nr-1'.""13-PJ I'-<1 CUB fl.:-,---~-
•••• AVEK~GES IT, A~D CALCULATES CIFFE~ENCE SPECTRA. A PUNCHED OECK OF 
"'*"'"THE ~f:St;LTS !S PFCCUCED FCR F~JnHEP. \-;!.'f<!<.li;G t.P OF THE DHA Hi·------
"""'* CH~ER >'l"JSRAI•'S. 1HE TAPElO FILE IS Ct<Rf<!ED CVER FP.JI" PF.EPM~E MW 
*h~ '..EL COi\1.\IN THE LISTS 1\1~0 PLCTS Of hV TYPE C:\Ti'l. T4PE10 SHCULO ----
!'""**BE D!SPCSED TC MICROFICHE, AND Tt-E TAPE7 FilE St10'JLD BE DISPOSED _____ .;......_ 

t<*"'>1- IPu:;?R(t:J ~lEM;I~iGS.o.;;.;... 

**'*'4 ( ll=YES, C~~'.PUTE GASEL INE SHIFTS; =NO , DISREGARD SH COI<lMANDS 
P"~"' 'l2l-=YFS;· PU~\CH CATA TO BE'AVtRAGEO; :No-, PUI\CH l<ESUlTS .. ONLv----"---
***'~ Di=YES, S~~OOTH lHE DATA; ;1\C, 1\C Sf"COTHING 

••~• CO~TRL(~) ~EANINGS---
'*u". { 1 J ·1 s· 1-' A:( IMt;'·1- ',.;AVEL 'E"l GTH-ll'\ ·1'\~9!21"1 s- MINI MUM.'loill VElENGTH Hr NM=-1---
t>l<i<* 13) lS ~.'1 PER PCINT, (4) IS 00 FACTCR, 15) IS E FACTOR, ANO ll:l IS u• ··-~cALr· rxo; co1 

~~-s~rr.:v, s: , sv-;- ~ s-;--su-;--~KCU~rt~:{ ~\'U<:-;;;;=:----------------~ 
•**" lPJ\?R(!J SETTH,GS--- i.=YE$, Z=NC, 3='1!05. 
>~'"~'**-CC';SICER. THo ruLLC'..;H;; SEQUEi\CE OF'SPECTRA .. •·-;;;--------·--------
*"""~ l.:~~t.J\t:,lOOZSH,:;,l0•)3/\.v~;~ ,1C04SI102, \\HERE NN IS A'lY TriO lETTERS. 
~*** 'l'l ThiS st:;;:;,.;t;~;c;:, 10Cl ;..ILL BE SV.COTP!:f'lr'USTE;J, 1\.'iO PlOTTtOe ------
" * ~ * : ·~ C 2 r 1 L L .: L S G F ~ S ,. C' H< S , t. ! S T :' C , .! '- D P L ~ T T F 0 ; l 0 •Jl AN 0 
<t;"'!'/:r,~ !"7:~ i"~--: f.!~:--t\14.-r---O r--~~ Vc~·;\ VCD--T(Gf TnEt::·~,--l1 ST~J ?-'?LDT T Co·;----------
H :t "' D:..! 'J C i- E C , ,\ ~< C T H :0 R E S Ut.. T S T C· R ED AS 1 0 C2. l 0 0 ; AN) 1 0 04 hI ll B C T H 
*~~~ l'~:Jl \ t Ot.:t.Ll y· DE S~~~CTH!:D; UC.: 1003 M.·o-1004 fHE'~ id!.t-·'8E;---------
** .. * JivC:•t.G[C TCGEIHEP, ::rc., M;O THE R:':SI;LT STCREO AS 1004. f-lNAU..Y. 
~'*""'H-E CiFfERf~;C("SPCC1PUM (lr)J4-l002lXE/C'O ·..;ILL BE CALCULATED, -----
~*** L!STE~. PLCTTCJ, PU~CHEO, A~D STCPED AS l005RSLT. 
ll'"~r-r<t'PL.t.C'l r;c-s ~,.-.~s-w 1:..-rc-:. LCt:LA Tt:"J:O Tc-;-;-1<1 e S= trt02"'1'00tt1·Xc/'f'Q\1'0,.-----
**'"" R2PLt.CP.G S~ r;y SU r.!LL CALCLL/.TE, ETC., 1005=1J04-l002 
'*'*** PEPUICit;G $;'ol CYuS ;.;ILL CALCLLAH, ETC.,.l005-=1002-l004·----
'**'~<* 
***lt'[)CJ"f'f :.GA!N-CC'It'MlDS 
~~'>~"""" ASsu~.~ LAST Cr'EF-ATIC!'; liAS 10C4SM02. 
~--a--y:;·p;:~-;-s-n ~>I C"~~?i='R 1\ T ·t 'C'i\-.-liJOt.t'O~L-1f1 t~l~J t-AT~ r-r-.:-:o:--------
* * * ~ ~ .:: C 7 = : :: C 4 ~ C 3 = ( 1 ~ C 4- l C) 2 l X E I 0 0. 
t-~** -l;Ut..E3·)2 CAt-c~LATfs,-·€TC9-, 10C7=tl~04-1002)XE/QD ·(S~r------------

*H• 1CC4C3·;2 CALC.J'-.t.T!:St C:TC., 1CC7=11Q02-l004)XE/80 (M$) 
>r-:t'r* lD04E3J2 Ct.LC.~LATES, ETc.,-lC'J7-"'1004-lOC2 (SUt 
**** lCJ:..F~OZ CALCULAi~S, FTC., 1CG7=1002-1004 (JS! 

~~** PASEL :,f Sf'l F1 CCRRECT IONS---
~11'~*-lOCO <;.C ·.~I:.t-COR.f.:ECT SPECHt:~<>~ ·1C06· FC.R A POSSIBLE PARAU.fL-!lAS;!;-----
~·*""' LUiE '-liFf AT 25C'• ~~ ANJ 'll:Lr.w BEFJRE SC>':JQfHi~J~; c,~JJ SiORE P.C:SlLT 
e:~** t•;-lf >:;; ltrf'J)UHU< voCrU<UF· (SI'CCTHINGi ·A.JERtr;I"iG? HC.)-THIS· ts,-----
'*'* TREAT C AS AN AV COM~AND. 
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c~••• lCOl~VSH ~ILL :HECK FOR T~E FJPST OCCURRANCE OF THE LARGEST BASE-
D-~ t-rn\::-SHTFT--;K-1 Ft"F Il\'SI-:!J -p C r:: Ts-O F -TH E-ro OT-SPE C T RUWR-f', \i-·c AT A-----
C~*** tt-.Cl CCFhECT FQ;; IT HROUGH'.:"UT THE SPECTRUM FR0~-1 THAT POlNT ON. A 
C•*n STSH CO~f.llf';t,TrO~. lS ALSO LEGAL.-- ······ --------------

c~ ** * CH** c:~.:f'IDO'CE LI;~ITS M.D CTHER STUFF--·------------------------·-··----··--·--------·---

C**::-* l~ 3 CfZ l":lF~E SP~CTRA 1\R ~ AVERAGED TOGETHER, THE 95 PERCENT. 
---------------------

U*** lJP TO l) Sf'f:.CTKA M,\Y t.f: AVERAGED TDG~THER ANC FifTY MAY BE STCREO 
(H<:+ li,TER~:ALLY. E~CH SPE::TRUM Mtv HAVE UP TO 300 DATA POlNTS.------·-------
C*,.*-* 

--- CC.'~"O'UC O/CDl3<)0 r-----------------
C U ."C I\/ C C'j S CN/ CO U R L (!:> l, SVC T RLI6 l, ~~ P TS, NP TS S V 

--- --cc :~'~0:.;; P R::;m, F/Pl'. CCNF {3\JJ,-----------------------------
CC'"'~CN/ F /R ( 3 JO) 
C :.'.' ~ ~·T '·'I ~AvE I ,;,~ v E ( 3 0 0 ,--------------------·-------------------

C C -.~,'j8\J I In .'\1 A /!ClA T A ( 3 00 ) 
-·-··c: ·'"·lco.:n c·u r cz, I c:, r c4·, 1D59IC6-, ! o7;-r os 

C:J 'l"C>./ l PJ~: II PU~~ P~ ( 3) 
-----;:<T.'.C-c-J:;- cm;T?.[9P RCUN'Ft""R'SVC I R l , wAVe----------------- -----

P<TEGER !JA fA ,IPU~lPR 
------·c IMC~;S1CT-l T( 131 ,TLClOr--------------------· 

Cl/'EI,SlCN CIFrEF. (30(1), S lG"'A(300) 
------0 I1JC~S I U~ A l 5C ,:; COl, AVSPCT{ 10 ,300l'oCC't\F I0{50-;'3JQ-r----------

l\TEC~R IC(lJl,SPCTl5t)),TOTNLM 
---- f\ EG:-r;--r.r) :· s·;w; srr, ST?SU'ilJ""S---------------------------

l\TCGE~ AVflG 
[ ~ L\ AV/2rlAV I---------------------------------- ... 
CAL\ 1-' S I 2H ~1 S I 
C t,Tf, SH/2HSHr---------------·---
C \ T A s.··~/ 2HSM/ 

~----c :. T.'>--·sr /2HSTr--------
CATA St.:/ZHSU/ 
C~ L\ IJS/ZHLSr----- .. -------------------------------
C :, T i\ ( TL ( r l , l = 2, l 0 l /12 • 7C 6 • t,. 30 3 , 3. l 82 • 2. 77 6 • 2 • 5 71 , 2. 44 7 , 2 • 3 6 5, 

1 z ~ 306,-;::. 26zr-------·---------------------·-· -- · -·----- ........... ------- · ··--·- -------------

701 F::R'1,H ( :?A3l 
·7cr--r;:;<v;:;\p;-.-f.~"'' ~ rF 7.21, zrFrc-;-n-;F1--cr.6.:-:-,rx""3-rl--·---------------
i03 FU<"lT !.HI 
l: !t F C p,·~ j T (I 4} -- ~- --·---· ------------·---------------------·---------·-

705 FCi-l."!T(*l"',I4,* StJ,COfrH•) 
iC'&. FC:RV.t. Tt*O* ,?X •* IC* ,6X, *-lfSTART*,4X,*VEN.D*,'5X, *VlNCR*, SX, *00'*,10Xi --------

i*t*• ;.ox, *SC ALE*I 
·7r;::r--- f'T f:~:.. n~-.T 4>.11z--;-:izt2x--;--3 t ~7XI9Tlfll'J.T.'Zx-l-r---------------
7~8 F:..;p~:.T(* >~<.r:..,A2,A2,* CGfHAII\S SHIFT CORRECT ION= *•E10.4i 
·n"~- FJR·ur c I4,., sr-~oo Tt'*' ······-----·-- ·- --------- --·- --- - -------- ---------------------------
i 2:;: F ~ i< ,. ~ 1 ( ,, 1 '' , I 4 , * IS AVER 1\ G E C F * , 10 ( ! 4 • Z X l l. 
7 21 flR 9 :,T ( 14, * l $ A VeRA ";E OF '~, 111 l 4,1 X l I ·- ----------- ---------------------· -
725 FCPH4T(l2l • 
lz-c---f-r::?~':.. r 1 t.:t,11:-t----------------·-------------------
73l FCF'·'.:Tt*l*,J4 7 * IS EQUAL TO ('~<.14,*- *.I4,*lXIE= *•F8.4, 

S ~ ) I ( ::o = * , F 8 • 4 , * l * t -- -----· ----- ·--.----------- -----· --·--·-------------·----------

732 FCP'.'.Til4,* 15 ECUAL TO !*.I'<•*- *.I4,*lXIE,. 4<,F8.4,*)/(00= *• 
$ :: '3. 4 '* ) '<" ;------- ------ .. -------- ---- ---·----------·-····- --·---------------- ------------------· 

7 3 3 F C !< M AT ( * 1 * , I 4 , * I S E QUA L T 0 I * , I 4 , * - * , I 4 , * I *) 

----------------------
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7 3 4 F C F 'H T (! 4 , * I S E C l! A l T 0 l "' , I 4 , * - :'~, I 4, * l * ) 
-~ q- fC R '\.\ T t x---p -~ 117! 71 !1* SP E CTRU;~- '<-1P>I7.i-I s-NCITITTT ST*-,..----------
C~*** l~!Tl~LIZE PARAM~TERS 
C**** t JSP:OC=f-U'.GER ~F SPECTRA TC EE AVERAGED BY !IV A'lD S IIHLAR CONTROLs·-------
C**** lGHU"'=t,IJ'·lJER OF RESL.t TING SPECTRA FRCM AVERAGl NG AND OTHER WORKUP 

romt..,~.,l- --- --------- - -------- - ------ -------· 
CC lC 1=1,50 

----~--~rcrtll;u-------------------~--------------------------------------

JJ l 0 .J=l ,300 
----- ----- co:·;F ID (I. J J ,,.:..Ioo.------
10 cc~HII\UE 

. REWI\D 30· 
REAG(30,70ll IPUNPR 

1 1\TSPEC=-r-------------·-------------------
CO 12 I=1,300 

--------- R tt 1 -=a· 
D!FFERill=O 

------- S I SClf. f Tl ::-r,r-------
PRCU.F I! 1=-lOC. 

12 t'Ci'ITTN c 
2 I ')6='0 

----- ·-xo a= c--
CRCN=o 

------ FE AC I 3 u, 702 l- -r 01, ID2, I 03, CCNTRL9 NPTs-
!FIECF(3Cl.NIO.Ol CAll hi\APUP 

IF( 185.EC.lH.:<R.r::l5,<::Q.lHC,CF~.ID5.EC.lHOl GO TO 400 

-----------------

IF ( I C 5 • E Q. ll-' [ , 0 R • lD 5. '.: Q • 1 HF l GO TO 4 C cr-----------------------------
CC 13 !=1,6 

--- SVCTRL (I l =CCfaRt (! ,------·----------------------,'--------------------

13 c::nr·~uE 
----~:" ~ ': ::;-.,., r: Pis-----------------------

CO i'> l=l,NPTS 
f.E ~:J (3 C, 7C41 · I C.'.T A !r ,----- ---·---
Rill=CC~T~LI6l*IDATA(ll 

-1~ ccr--r I1\UE _____ ----- ----- --------
SCALE~CCNTRL(~l•lOJO~ 

-----1 F r l C :)-;-p.::·,1 HXJ -c A C'L"'S-1 fFT s-( CRCn·-r-----------------
IF( 1::2 .EC.St- .OR.!D3.EJ .SHJ 103=1 
1 F l l P U :; P H ( 1) • [ Q • 3 H t; C • C R • I ;) 3 , E C • 2 H'l 8 l 
!~"( ICB.c;;;.ll CALL SHIFTS ICRO!l 
t\S'HH=l·--- --------- ----------
JF(!PLr\PR.I2l.EQ.3f-'NO l GC TC 18 

I ca=cr--------------------

\:,...,.,."~""! 3 --p C! •;r--s ~'.CC Trll ;'jG- 'R0'3 T 1 N~"------"--------------------
C**"'* R=t.:~:S'1CC1HEO DATil, CD=SI'CGTHED DATA, T=TE~~PORARY STJRAGE 

r.; ~N P T S-1 2 -- --- --- -- ---------- . -------------- ---------- . ----------- -·----- -------

CC 15 1=2,13 
.. j = l-1 ---·--·-··-----··--· -- --------·--··--------------------·-------- ·-·---- ----- . ---

T l I J =R ( J l 
i-<J---c:J•J11 r: ~ 

CO 17 l'"-loN 
----- ··· · J = I+ t 2 ·----

orJ 16 K"'l.l2 
---------- J<K=K+t·--·--·--------

HKl=TIKKl 

--------·------
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16 CO~<T It,UE 
----__,. ( 13) =R 1-Jr--------------------------------

S U 'I= 2 5 • ·n { 7 J + 2 4. ,:< ( T( 6 l + Tt 8 l l + 21. * ( T ( 5 I+ Tl 9 l I+ 1 o. * ( T ( 4 l ~ 1"1 10 l ) 
$ + 9 • * ( T 13 l + T ( 11 l l-1 1 • * ( T ( 1 l -+T ( 1 3 ) ~-- ---- ---------- --- ------------------

L=l+6 
C){ L I =SUM/143 ~ - ------- -------------- ----------

17 CfJ,'~ Tl N LE 
---· l'\S'HH=~;pT'.)-·-,;--------------------------------

13 C8 19 I= 1, 6 
CD!ll=RC11 

19 com INUE 
----- -oc ZC I=f\S.V.TH,300 

CO!Il=Rtll 
-zo--crY71 ~:u~----------------------------------

1 F ( I 0 2 • [ C. S I . C il .• l D 2 , EO • A V ) (C TO 21 
1 F ( l:) 2 • ( Q. ~-~ S. CR. lD 2. f Q • S ~ll CC TO 21- -------·-------- ·-

CC TO 21 IF ( I CZ • E C .l: S • C ~. l CZ , (Q • S lJ l 
"C-**** ALL OThER 102 COI~fliNATIONS 

G C TC 1 
ARE INVAUn---------

-c~~>r;;A-..-e-r; n-TJI"'""l"-l:KA"IfF<A"G·[l';t, .-::--------------------------
21 IOUJCSPECI=IDl 

-- ---- - C C 2 2 I = 1 9 1> P T s
AvSPCT (~;CSPCC, !l=CO{ I) 

------ ·s !U~.\ t li=SIG~I ... Ill +COf t ~--------------· 
~2 CCI\THWE 

-------- - 1 r '~~::SPEc. E~. 1 ,. c: rr 99--------- ""----~---------

C**** PJT I~•CIVID:JAL CC'IPGI,E'NTS CN M!CROS:ICH!: FilE 

--------------

ICEV=l'J. - - ---------------- -------------- ----------------·<>------

l· ;: : i E ( l C E ./ , 7 G 7 l l.:J : , l J 2 , I 0 3 , I C 0 i'\ T R l ( l l , I= 1 1 5 ), S CAl E 
--:rtC;{C;.~;:::.Oi 'r.R!TEIDEV,7C81 101,102.I03,CRCN·---- ---------------

1FilPUI\PRl2J.[Q.3f·YESl PUIJCI- 709.101 
·C**~v A-JFLG FlAGS :.·.- TYPE' DATA FCR PROPER ClSPCSAt· !TO M!CROFICHEt ---

AVFLG= 1 
------c ~tt-U.1 S-<.:E---t f"Dl"i &VftG"!+--------------------------

lFI I:J2.EQ.AVl GO TO 2 • 
C "~' *"' * C C ";:>:; T E AVER t,G ED S P ECf RUM------------------------~--------
'19 c:; lCO !-=l,~•PTS 

CDl ll=SIGMA( 11/HOAiCNOSPEct---------------------
lOJ CCi\T PWE 

----r F t~i2S n:·c-;t"l;"3 t--Gl)"rt)"tl')-·'1;------------------------
C>:-*** CUF'.:TE 95 PERCENT CO'HICENCE LHIITS 

0 0 1 (: l J = l , ~~8 SPEC ~---------~-·-~ ------- -----·-~-------- ---------------
DO 10! l=l,~,PlS . . 

C l FFER t ll.'') CCI ll-AVSPCT t J, II )uz +0 !FFER (I)--------------------------
101 CUH!UUI;; 

-----e-e:-tcz--·--t-=r,~JP"TS:-------------------------------

0 iFF[" ( l l = $(..;:( T ( D IFFE R C I l I I FLOAT ( t\JCS PE C l-l • 0 I l 
------- ?RCCrir t II= TL ( tJCSPECI * 0 IFFE R( ll/SQR TlfLOA Tl NOSPECl )--------------

102 CCf\Tli\UE 
- 1 C 3 -- SPC 1! T'J H;UM l =I 01.------------------------------------

CC 104 l=l,NPTS 

·----------

---------------------·-
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A ( T8 T HJ'·I ,1 l "C 0 ( ! l 
-----rc:, n c ncT:;v.f0r=1'KWHFIT.-----------------------

lC4 C:J:\Tl:\UE 
1 C T~~L~~L= ·roTNUMt-1-- ----~-- -------------- ----------··----------·-----------------·-· 

1>. I< lT [ ( 7 , 72 0 l l D 1 , ( I D li l , I= 1 , NOS P E C I 
;. R I 1[( 7 , 7 C 6l .. . .. .... ··--------- ·-- -----------------------

r.RITE(7,7C7) IDJ,!DZ.IO~,(CCr.<TRt!Ii,I"l•SI,SCALE 
----•. F{ rT?C:I:!':< !.:'T:c::/~J tiY ES l ~A1'\:J ~ U~GS PEC.-EQ.ll i- PUNCfr72!,ID1-,------

ii rc 1 r l ,I =i ,;wsPECl 
CH** AvFLG Fli\·35 ST TYPE-DATI\ FOR PROPER. BISPOSAL (TO PUNCH 'OR NOn----

A Vf LG"'O 
----- lF!V::SPEC,EC:~1.) AVFLG='Z 

ULL l.USEE I!Dl,.WFLGl 
-----------------------------------

-----·rrTrur.·::;;-:sTr-GDicr--..--------------------------
C•**g S~,SG,US,~S HhNJLER 

- 3CC CECJCE:IZ ,725,IJ3l !04- --------------------------------------

187= !02 
------- I SEC! 0=( DO*' C rD 1/100 H+ID~-

ID1P50=I01+50 
----nTT :JECT:r."G'F:'T:Jl.1'5UrT'SECTtJ"'TSFCTU=l.'O...-------------·-----

CC 383 r, U"l'-"l ,10Tt\UM 
------·-· IF ( S PC T{ NUM l , E Q • I SEC I 0 ~-GO 

CC:H I !\UE 
··,..PiT::!7,74"2)'1SFCTU 

GC TC 1 

----------

-;cr..--TF t ;:-;; c cr, r r ::-r-;-G'T:':-o -;.·AN c; --cal'n=·r r: m.n--,-51·--;;a·;o-r--J o 5;307'"'"___ -------· 
~JS CJ 306 I=l,~PTS 

·----- - PRCC,F {I J=SCRT !PRCG'i F C I l** :::+CONF ID l~U'li> I I **Zr----------------------
~Jt CC'l1l11LE 

... 3C 7 CCN.:: 1. o---------------------------- --- -----------· 
! ~ ! I C2 • E r. • '1 S • CR. l 02 • EQ • US l CUi=- 1 .0 

-. ------c~- ~·: ~-- r-~r·;~<P--r s -------
ec c r l= ccc c r l-t.uwrv ,r ll*CON 

-- ~ 0 3 -- C C NT Pd; E -------------------·-------------- ----------
IF!1C2.[t;;,:;L.CfZ.iD2.EO.USl GC TO 311 
F..\C"C en FL {-'. )/CCNTRL {5) ... --------·-----------------------------
!F(P~;CC't.F!':il.GE.O.M.;Q,CCI\FIOINU.'~,Sl.CE,Ol FAC=l~O 

----~-r c- 3 :0-r = ;.-;-ri? r.) 

:?10 
!11 

CC l I l=CC! ll::OCCf\TRL (5 l/CCNTRLI4 l 
P~~CC'F (I l =Pf~COKF ( 1 I* CONT RL (51/CONHL { 41 *FAc-------- -------------

CCiH !NUt 
I :J::>L :J = l D 1 ---·-----------------------------------------------
1':1= !Dl +1+!06 

----1 F t I ::2 ;to~ su ;cR·;-t-cz;.-co-.-us-I"'G'LTu~-a-------------------
IF! !G2.EC.i·'Sl GO TO 313 
lF( 122./';E,SMl GC TO 1----------------------------------------------------------
i--~li:C(7,"73ll lDl,!DCLD,!SECIC,CC1\TKL(5),CONTRLI4) 
P:J~;C H 7?. 2, ID.:., I DCLD, l SEC 1 D, COn RL (51 ,CONTRL! 4 l -- · ---------------------------
GC TC 316 

-; r:;·-- ;.;,;: I TE t'I,IJ 11-!D t,·t-s E C t·O---.iDC't:D? C 0 1\TR't ( 5 r-,-c-CN T'flt't4"t-----------
f.:iJ\C H 73 2, lCl, l SEC 10 .I DOLD, CCtHR Ll 5 l ,CONTRU 41 

·------ ... c c 10 316- .. ------------------------------------~----------------·----------

Zl4 IF! 182 .EC.L:Sl GO TO :315 
· -.,R I Tf. ( l, 7 3?. l l 01, !DOLO, IS EC I 0 --------------------·----------------

P'Y'-ICII T:'·'t.IDl.IDCLD.lSECID ------------·------------------------------
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GO TC 316 
7r:--h~ITEC7;7:;3rTDTifS'ECTDYTDDl-,------------------------

PU'JCI- 7-.;t,. lLJl., ISEC ID,I DOLO 
~H . 1-RI IE 17 ,706) ---- -----------------------------------------

lD2=2r~RS 
1 c 3 = 2 H L r-- ----- ------ -----------·- --------- ··· -- ---------- ·-------------------- --
hKIHI7,7C7l 1Dl.I02,ID3,fCC1\TRLfll,I=l,5l;SCALE 

---. S?CT{TCTr\:JM 1= lD · 
CC 317 !:=l,~~PiS 
- A( TJH:U'1.I J=CDITJ----------· 

CU;F I 0 ITOT/I:U~t, I l,.PRCONF~ I) 
·111 CCJ~HPlUE·-· -· --------------

TCnJL.;M"'TCTNUM+l 
'C>l' "'=-,~ VF t:-c-rri'.GS---p;:StJt.l~~;!c ilT tr-1't:R"·?R0?1:Rl)1 Sf'OSAL'fl:l-? 1\'I~TE&-7-----~

AVFLG=O 
CI'.LL LET SEt: (l Dl ,AVFLG 1-------------------------------------------

GO TC 1 
C.:!~*~~~***~*~*~~********************************** *****************l\\'lt:t~li<O! ___ _ 
C*"'*" CC IT AGAfN CPTICN 
-~~..--rrcr-aE1T1T26?1D 21---ro 50irr1::--------------------------

IF!CC.1FLill.co.svcrRLC Ill GC TO 403 
----CO 4C2 !=1,6 ----------- -------------

CO~TRLCil=SVCTRL!II 
·.c,oz- · coi\T rrwt:·------

~-PTS=II:PTssv 

---------------· 

~:---182=-IOI --------------------------------------------------------------
IF( l85,fQ.lHll l02=SM 
IF ( 1J5. EC. lhCl rC2-=Ms·--· ------------------------·-·--
\F(!C5.EQ,l!-El 102=SU 
[F ( !05 .E Q.! hF) !02-=Us------------·-------------------. ----- ---~, -----· -•-----·-

CJ 4C'• I=~ ,~-:PTS 

------;; ~- :.c ~ .3 c, 7 "" r-K n tr-r-----
404 cc~:r I f;LJr 
----- lCt=!OS-'1 __ _ ---------------------------------------

4CS 

CC 4C5 ~;t;~=l ,TCTr-.UM 
!Fi SPCT(t.,;U~'.l ~Ec;,-IDll 

cc:;~, T Ir<UE 

---- ·-------·------------

--·--~-.·'Zntn?--rr.---=,'T"-r-r~------------------------------

GC TO l 
4Co· CC 4:)7 1=1,1\PTS·----- -------------------- --------------

CS(ll=AINUM,!) 
. -- PRCU;F- I 1 l=CD~JFID!NlMt n-------.----------- ---------------

.:o1 c:,'nl~'LE ·cJ-rc-Joft------------------------------------------------------------------
EI\O 
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SUi.; r; C ~JT I :; f: l E T S E ;: ( 1 Ol , A V F L G I 
1:~~,.-f;::! 1\ i !fTCT f\Pvll"CFITAT~ 

CC~~l~/CC/CDI30Cl 
CC!':VC\1( Ci;SCf:J CCcHR L (6 l, SVC TRL ( 6 l ,NP iS,NPTSS Y -- ---------- ------------
cc~v~~/PRCC~FiPRCGNF(3QOI 
co.·~:l,Ci/;.; Wf:/t,;;,VE ( 3001 -- · ----------------------------------------------
( C v '~C \I I c·-u l CZ , I C3 , I [)l, , 10 5, I C 6, I 0 7, I C 8 

~t~L CC,CU;TFL,PRCO;F,SVCTRL,I>AVE 
!'HEGER ,\JrLG, i PUt~Pw----------- - ----

7JS FCF'LH 1*0*,3( l~X,*LAMllOA*,:iX,*READING*•2XI til 
7(~- f(f\~t.T t3 (15Xt r{J o 1 ,3X ,Fll • .;.)) ······- ----------------------------------
7 l.) FC ,:. '~ t. T ("' C"' , 1 SX, 3 ( *LA f"'<. 0 A"', 5 X, *R E AOl NG*, 5X •* I i\ TE RVAL *, 3 X l ,/1 
--rr-r-- r c~ ; :-. n 1 sx .-3\i-1~;~-t, 'Jx--, F t 1:7<1,-J x,-F s~-&011 
712 FOR:Vt.TI•l* 1 l~,* S~COTH*l 
713 fCfZ.'1.'.T (I 4, :.z,::.z, ZX, 4(f 8. 3, 2X l,E 13.6, 2X,El38 6 ,lX;ll t-----------
714 FCFPAT(lCF8.4) 
11 ~ - F:: R~-~ t. T l 1 CF 8. 3 ~-----------------------------------------------
716 FUClAT(><E'JD CF *•14 7 * SMOOTHS DECK*) 

F ( -r.vFt-c-~<:0-;-21----tD'C'V:o?----------------------------
lf(AvFLG.EQ.ll !DCV=lO 
IF(AVFLG.':C.Q)- lDEv:::r---------------
00 70 [=l,t-:PTS 

-------- ;.;t.VE l l I=CGNTRL t ~)-ft-OATt 1-1 I*CCNTRU:3)------------------------
70 CC'H INL:E 

f: ~;?T-s---t'?f r------------------------
iF(PF:CG.'al5l.GE.Ol GC TO 72 
;.r<!H (!DEl/ ,70C) -- ------------------------------------------------

CC 71 I=l.li 
---------- J= It ll-. --------------- -------------------.:T·--------

!<=Jt-1 I 
-----y-=-:1-"f·'( t-tDet-;-70-<i"1---,;,--a\fC-t-tt-iClrtt-t.-"'AVE i-jr,--cv (-j t-,-;...-AVE i K t-;-CO ( Kt--------
71 CCf\II~L:E 

------en r-c--i'c 
72 ; RITE ( I C' EV, 7 10) 

CS- 7 3 I= 1 ,I~----------:---
J=I+!I 

----1(--:=--J~ti __________ _ 

WR IT E I JOE V, 7 i.l I \<.A V:. ( I l , CD (I l , PRC 0 1\F ( I l , WAVE ( J l , CC ( J} , PRCONF I J l • 
$ ;.. AVE ( K I, CC ( Kl, PRCCI\f (K ,------------------------- · --------------------------

73 C::~. T U~L:E 
-74 - 1->FUT [( lDEV ,112) 101--------------------------------------------

XV. AX-=C::'-1: TRL ( 1) 
----x 1'; e-" t-ee 'l r-n t t-1--t•c-c:-H-Rti"Z ,_, n:-c-o-::-.1"1----------------------

n-I C!:'-=X i t\C/0 .5 
""TnlCE -- ---------------------------------------------------------------------
lf(".~<E.T.-IICEl XP<C=0.5*!M+ll 
I SY=l ------ --- -------------------- --------------------------------------
( .'.. L L Pi'~: P :_ T ( \.. Av E ( l l , C D ( 1 l , X I' A X , X I N C , Y MAX , Y l f\ C, 0, IS Y 1 N P T S t IDE \1 ) 

----tf t--:ti>t~Pi<t2 r.i:O ;·3r•t~:~t;Q;; t.V ft;_;-.--t.Q-.-H-'P t:-'HJRN 
IFtlPJ~,Pi<(2l.[Q.3!-<NO ,ANO.AVFLG.EC:.2l R::TURN 

· CQ --? 5 ! = 1, N P TS- ----------------- - - -----------------------------------

lF(CO( ll.LT.-99,<J,CR.CCIIl.GT .999.Cl IFORI-lT=l 
7~--- co.-n 1 NVE - - ------------------------------------------------------------

1 F ( IFCRn .f•E .ll lFORMT =0 
CLNTRD=CC~TRLI3l•lO.C 

---s-etcr,.-z:c!~T~!CTTRuv~-rr---------------------------

Pu~;c H 71 3, l 0 l, l D 2, I D 3, ( CONT R l( l l , ; "1 ,2 I, CC NT R C, SCALE, { CONT Rl ( J l 9 
$J = t,, 5 J, I FOP-.'1 T------- -~--- ---------------- ---- --- ------------------- ------------------------------

IFIIFCRin.EC.ll GC TO 76 
PU.'~C!- 7l4, lCD( I 1,1=1,'-lPTSl ____ _ 
GC TC 77 

l'~~r.~-5!\CDIII ,I=I,~P~---------------------------·-------------

77 PU'KH 716,!01 
----- - RE TUf:N---------------------------------------------------- ----

END -----------------· ----------------------------
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SL~RCUTI~~ SHirTS ICRCNI 
""t~"7[.~"S HI~; t-"S'H IFiCAL-ct.JLAI10NS-:1.1J!J~CGR R ECT!ONS 

CC~~(~/CD/COIJOOI 
(Q,<;:~C'l/ CUlSO;/CC1'\TRL (6 l , SVC Tfll( 61 ,NP 1 S, NPTSS v-·--------------------
C C '1 tJ C.\ I R I R I 300 I 
CC::'"C~;; I C\/1 C2, I C3, I C4, IDS, I Co, I07, !C8 -------- -----------~-------
REAL CL:,CC:iTRL,.R,SVCTRL 

1'51->"Cf:V ~T" ( 1·21 
151 FOkl·;:.i[Al.Il) 

IF!ICB.E~.ll CO TO 205~---
C~*** X!r.AVC:LE:\CThl IIAf,DLER 

-~----- CEC:-;DEfZ,750,ID3l 104 
CECC::JEI2,75l,ID2l !C5, 106 

-----------------

--~;;t.V[: '!:CC* i:JGFtD4·----------------------------
l = L l- I CCtHRL ( ll- S \,AVE l/ CONH' L ( 3) 

-·-··-- C!FF=Rtl-11-H!llH~i !-11-R!I-;n---
C 0 2 C () J = I , t<J P T S 

- ------ R ( J I =PI J I 40 1Fr---------
2C C CC'.JT !NLE 
-------4~~~~~tr-------------------------------------------------------------------

I C6=0 
--- Ci<CN=DIFF-----------

RETURN 

205 ucr,=o 
?,·~,r~T"="~----------·------------------------

DC 2C6 I-=3,30 
---· -· D 1 f F = F ( 1- 1 I- R ( I H· R C I - 1 l -R ( 1-u-----

IF(t.SSIJ!HI,LE.ABSICRCUl GO TO 2Cb 
-------- ·---------

· -------- CRUi=D IFF -- -- ·-----------------------------------------.--
"iP 1\ T =I 

IFICRC~.EQ.OI RETURN 
CC 2C7 J=t'P~.;l,tlPTs-------------

fd J l=H J l+CRCN 
· 207-- CU;TI i\UE -----------------------

IFIID?.FC.21iSitl !D2,.,2HAV 
---'F-:TtJ, I 

EI\D 

"-------------

SLBPCUTINE ~RAPUP Tt">\\'*"- CL Js:::--crs;r:;P_:_.:..;_ ____________________________ _ 

E ~ .)F l L E 10 
- K E'n r~~c 1 o .. - ---------~------- ·---------·---~~-----------------------------------------

E\DFILE 7 
R Eli 11\C 7------------------- ------------------. 

C..\ll EXIT 
----Ef\lJ 
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4. Program PROCESS 

A) Operation 

i) Input 

The punched deck from SMOOTHS (see note, below). 

i i) Output 

The file OUTPUT contains listings and plots of all spectra result

ing from the manipulations governed by the variable OPTION. 

The file TAPE17 contains resultant files for v1hich NE\.JID vias blank 

or zero. It may be recovered with DISPOSE, but is usually deleted. 

The file TAPE? contains resultant files for which NEWID was non

zero, It is usua 11 y saved, either by DISPOSE to the punch or by 

storage on GSS or PSS. 

iii ) Errors 

The order of spectra is not important, but a spectrum required 

in a manipulation must either be read in as input or created prior to 

the request for all necessary spectra. If the spectrum is not pres

ent, an error message is left and the next control card is read. 

NOTE: NON-FATAL ERROR 

In all options but LOOK, MULT, DIFF, PSCD, and EMCD, the quantity 

CONTRL(5)/CONTRL(6) (i.e. OD/E from Super Spectrum) is first mult

iplied with the data points in each spectrum before the remainder of 

the algebra is performed. It is vital that all required spectra are 

put on the right basis (e.g. equal path lengths for the FDCD, CD, and 

absorbance srectra in the FDCD option) prior to starting a ~aneuver. 
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Example: 00 or E or 

Spectrum Type Path 1 ength CONTRL(5) CONTRL ( 6) 

FDCD 2 mm -+ 1 500 -+ l 00 

CD 3 mm 3 -+ 1 1000-+ 100 

absorbance 1 em -+ l l 00 -+ 1 00 

where the number to the left of the arrow represents the value of the 

constant up through the punching of the data deck by SMOOTHS and the 

number to the right of the arrow represents the value of the constant 

as changed to normalize the spectra to one path length before running 

in PROCESS. 

B) Listing 

i) Program PROCESS 

ii) Subroutine WRAPUP 

iii) Subroutine SEARCH 

iv) Subroutine DOMATH 

v) Subroutine TITLES 

vi) Subroutine SEEIT 

vii) Subroutine PRNPLT and Subroutine PLSCAL (see PREPARE) 
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11\f'UT CF OATt. ~ 

I:ESUL TS IS [f TH 
CF hH!CH ARE PE 

i'CJQ"S A,_, ~LGEflRAIC ADQITICN CF UP TC FIVE SPECTRA,. __ _ 
C: COH'~4'ir:JS l S THt:.OUSH PU:-iCHED C\RDS. OUT?UT OF 
~ THROUGH PUI',C~~D CdRDS OR TO PSS OR TAPE. BOTH 
Fl!RV:EO \I[ A A DISPOSt= OF TAPE7.,-- -- --- ----- --

C TH~ PU~CH~J D~C~ FRC~ S~~CTH PtCSF~M IS RE~D IN FIRST, FOLLOWED 
-~---G-~- A __ U£__9_______i!__LT_H _51) ~j 1_Lf.O_J_R _LE_f T_ ~_l)LU_t:l1"--S. _________________ -'-_ 
c ~ 

C ll._L_G_E_ Efl,f:,l_L'~l'J: IPUL~JJ C~i_ C_ON ~RC !.__.P_E!;K 
c 
C GF'iU-H ::JECK CRJE>; ! S LDE'EL Ct.RD, CmJTROL C~RO, LABEL CARD;..:''"-=-:-----"--
C co:;r hJ L C-~F. :~~TC~~j(h_::-vER ,iFA--OEC~ A-EPSTLC~C't:lC-ULA r IOH 
C IS PU'F::'K'~EC wliH FOCJ, PSCD, OR E-··~CO, A CARD WITH THE P.\TH 
C LEI\CTri t:\l t.'iiJ THE CC'iC!:NfRAfiC'i ((LJ,'-.IC! I!,UST FOLLOW THE-CONTROl" __ _ 
_ G_ ___ C4R.~' iFOR'1!.T IS Fe.~, E!.4.tl. ____________ _ 
C L·'>E'"L C<'\RD f--l.S LABEL ISP<\CEI IU!RST S CCLU."1NS, FOLLO~<ED--B-Y-AN'f 
C P!.:OTlCIJLt.P .HPH~~-0"1c'<!C STPII\G TO 8E PRINTED 4T TME TOP OF EII.CH 
C---t:isrT\G-!.'<0 PLCI. 
C CU.TRJL Ct.t;~ FQ'\,"AAT IS 6(F8.4,!41,A4,Z4. 
c---CCll-lS u•-rrFST F8.-4~--CI21 IS!I'\-SECONci-f:a.~t. 
C SP:OCT(t,·l IS IN r;TH 14 !UP TO 61. 
C-----A4 IS C?TIC': A~;o-14-IS ~.;Ew!D-l!F-ciES(f~E-bl., 

c CDT:rws 
c i~,, IS~~s~~~E~C~,~~~._-.,~T~H~:~so~E~:~r~R~u~~-.----------------------------------------------

c LC::;Y. - 1-.'<lT~s :,:,o PLCfS SPECTRUI.l 0'lLY. 
t MULT- ~JL;!Plll:S SP!:CTill BY C!ll CR-D(VIDES-SPECf(11-8Y-cTii 
C C~ J},uLTPLI'::S S?EC:f(ll BY 1Cil1/C(21i, OE?ENO!NG UPON wHICH 
C--- ·- t~U'1 3E~ ( S J . ~F!: -~01\Z ERC: ------~ -· ------ -··-·- ·------··- --------- .. ~-.·---------------

( rJ:;::;-- C~LC:JL-'f:S Sr>[CfCll • !CI~l!CC2!!"5PC:OI-'I. 
c ;::C(~-:-::.-::c~::: ~ :r~: s?, ;;-~-\-C'Tf A-TTG-·T'>-;<'J ( fL~--c :J~ ~- E'Cf:: b~fi5~--P-F E·· S L! T 
C .:\l:Sfjct>TIC'J ~P'J". ':XC!TAT!C'J Pf:Of'IL'OtU, .~8S(2), ?UHlEr\GTH TO 
C------SL!T-!N-CY.t::(:ll, A~Jr: P4fHLEr:GTH Of' t.SS S?ECHU'l IN C~lC(z'f,-;-----
C Q!IUJ- Ct.LC'IL:.T::S A :;;~l~'H!Tr P~C?C'RT!0'1AL iJ TH£ QUMiTU'4 T'lElD 
_t _____ Fe:'C·-1 TH!: :;:.Jt.~JT!T!ES t;SEO !N FLO, PLUS THE SLIT ~dOTH IN------"----
C (''(Cf3 ll. S"C: FR:::D::PIC;; HO HC:JSS!Ei<, B!ClPCLYI'EPS 11, 2281-
C 2-::""·ilTlT'I~-FGR[;;\it.Y(o-'iS. 
c :Jcr< ·~ _:-__r~_g_~_·~ ~ uz_: s sPgc I t_!_l__r_g_ Jr:.gcr_t_ZJ_~I ~~~v ~L-~N~_f:I __ C! !_!_ _ _tN ____ _ c-· --- ·-- ~~"". 

C R :.T 0 - C C ·~I'~~ T 'C 5 S D E C T ( l l I S PI: C T( 2 l R A Tr 0 • 
C----- - FrJCO -.:. C.\ LCU L qc S H u:JR CPHC R E A'< [SO TROP Y F R0-•·1--i l l FDCD-; -(tiC: D-., 
C t.~.D {~lt.t!S. ~:.JURC::>t!'":RC: rlELT.l. O::DS[UJU IS CALCULATED WITH !41~,BS 
C FLU:';;: ;o.,c~;-c-;---T;; -3 j J-!TI o·~-rc· c-ff0-;{ :;:--·A-·CO"~·::::~.E'< r- AN4LV·s I s-1 S:__:_.:.::..:::...... __ _ 
C P~C1'l:.iD F.~;, A'.l 3':r;<CPY CALCULH !C~i) O'iU, C.'-;[) f-'ROCUCES A l!ST 
c---- OF Tri~T ;>J~rl2\ c.= Th::: <'l'dSCTRCf'Y ~1ER!Vf:D Fi'CM THE f-DCD SIGNAl __ _ 
C t.~:C TH!.T ?CR~IC'~ c;y: ~['THE CO SiGNAL. 
C PSC:J- C~LCvl.~.rC:S t,\IE'<A:;F FLUGFCJPc;).-<f' ANISOTROPY' FROI·!'FOCO-----------
C ~~·~:<:.'::fRJPl:CS t~)>;lfr-;,:UT P['L-~f;fl[R, t2n-i!TH t•CLAR!Z8TION PLANE 
r---, [; r:nc;----,..-~-;~')(:; ;---;;;-; r·;::--;.-. .::T~-~:[{1\r ro-'1-PCA~i :.::-w:;: THhT .\C.-.-AV Ek-t,Ct:~· -----
C fl'C:Cl;:.:~Jp•-;c;;.;: Dt:Lr~ fPS!~C:'; !S CALCVLATEO ~o;[TH (4l1'18S FLUOR.OPHORE 
C-------- ;1-J ~O:J!TlC'~ 10 ri-cE OTHEPS.------ ------ ----- -------- -----

C E'~CC: - U.t.C:JUY~ S FLL'J"CPHC;<E b'-l!)IJTROPY IN 33 O!":<ECTION FRGt4 
,----- C:';CJ t.c,! SJPO?tC:S !I\ T·-iE S·1"1E ceDER r,s [t; f'SCO. FLUOROPHORC·--.,-----
C Del :e. E"'SlLJ'i i~J 33 D!Rf:CT!OI\ IS CAI_CULAfE:D FRO'I ABSORPTION AND 

-------------
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C 1=["1(1) 'lf'~SU~[MC\T ~ JN !HE SO~!: nc:utX 1\~ IN f'~t.U, 1\!..!>Uo 
C r;;:-(;')-:---nC01l:.-i:: S-(GT4L t;~~fs:YrrcfriFP.-ol~-i2l-C5-41io-C3 lADS. 
C SCCD- C:..LCULAT[S SCATTERER CELT:\ EPSILOtl FROM tliFDCD AND:._ _____ _ 
C-----(:?IABS;- - ·- -------- ----- .. ------- --------

C N:'liiD 
C IF ·~ ErJ !D-IS --flu.~j K--{R:- -IJ00_0_ 0 R-- U' 5 s··r HAN .:..1 000 ;-·r:-H~---R(SUL fl ~!G 
C SPFCFU'~ TS WlT SHlFEol !NTEIH;t,LLY. IF NblD IS BcH,EEil -1 A110 
c - ss,;;--r-;:-n:I;)Ts t.t r::,.. ro~AR r .0-t:iJJ-l ~-~!o r-Toc-;:;E:>--I ~i--1-HE- L 4:·:;::-_:.::..:.:.:::. ___ _ 
C RCCOP~ SO !T i·L:',Y BE: USED AGAI"! (qu·T ~~OT rN THE SAl .. ~E RUN lH~CUCH 

_C ___ PPOCESSi ~- IN ~Ll CAS:':S tJOT COVEil.ED LiNDER THE FIRST SENTENCE;·-------
C THE SPECiRUII iS STOCC:1 !1\TEP.I\tJ.Ll'l'. UP TO DO SPEC7RA Mi\';' 3E 

_C _____ STCRED I~< G~,-~£-~UN 130) POINTS EACI()~----------·- --------'---=o'-------

C 
C 6 L~B~L ttJ.R) THAT IS BLANK OQ CNE TH~T HAS STOP IN THE ~l~ST 
C SIX COLJ'·1~j$ rii LL HALT THE PRCGRA:_~l:.::•---------------------_C ______ ---- ---------·--· -- - ------

CO ~~C''J/t. lt. ( lf'C, :?0"1 J 
co~' v.cJ ;c o;c:; 1 ;c.",-;- f:rR"tT3oC.l;triHTroo, 
C C ''" C 'i/C C' T? L I C [1 ~; T P l ( 1 C 1, 6 ) 

----;C:c-;C~.':='UC-Si'J~~L/C{ST;"-SP~:'.:;;.C-;T,.f(~5;_cle-_-l""'N"""'O-;:-E-:-:X-.l""5:-:I:-,:-:L:-:B""L;-:-(7l-::;3-;I---------------
CCv~o~/!D/IJ(l0)t 

---- c c -~ ~0 "J I p t~ ~ V, I ~· p fS--;1\!j~~~ E w-f o,-c-p-r r-d\i-;ra rNUt.47~iV"EMAX-;wv E,.fl N 
R E t. L ~ , C. r,, C :J'~ I R L , C , " V ':. II II X , fl V E 14 I N 

----I 'HicGER !il, f,';CEX, :_ B'-~ S"fEC f, TCTNUM.-----
11-.TECF:f< !HE.\01121 

-6,_;-, "'1-~F cc•• ~ r(7"!; ~-,q u: r'""c'_,.L-,-L"""C'"",..-:-:l:-r,:; SPECTRA l<i ERE: R E AO UlT G l.fE I~CRV"', II, 
:; L. X, "' ! ') ", 6 X , "' J S T LJ:. T *, '• X , "J E: ~\J *, 5 X, ,_vI ~lC )l '~< 1 
~ 7 X,"' SCt.L E", !3 X, *CJ~, 1 :1X o""E•i, / J - -·--·---------------

60 l FG R ··~! T ( * " , l It , A:' , .\ 2 , 2 X , 3 ( F '!. 2 , 2 X I , '3 ( F l 0 • 3 , 2X I I 
6""., FCK~-<'llT(*G"-,!4,.,. SPECTRA f<.EAJ. f~TO '4EMORY'i')·--------, --- .. 
~-~4 FCJ"l":.rt":",l2t-.6l 

-1~:7t-. --FG7:,-v-:..~rt::--2·:: c. t 

7 ·~· 1 F :1 R: ~ j r r : 4, A 2 , A 2 , 2 X , :, I F 8 • 3 , 2 X I , E 13 • 6 , 2 X , E 1 3 • 6 t l X , I l J 
1;2 FG;;:'.'!.T{l2F8~-4-j ----·----

7i.":: -7[;_4 ___ _ FQPI'.~ T ll CF 8. 3 3 
r OR'' H ll '::F 8~-;!:"'l,_...-----------------------------·----

...,77="'_~,..;, ::,.-~Fo-cG i< '' '. T ( L H X , 2:.cJ::..,.X -'-1 ..,.-,-~,.,. 
_ ~ F C-~;~ .fTf::'(f ~ ~~. 4 , l 4 l • 2 X ;-J.i4,14 t 

c 
-C----~E-~0 SPt:CT!<A-!NTC I<'E~OPY 

C TOP<U'I. IS THE TCT~l t>:.l'BER _t ____ ·-·-·- OF SPECTRA READ It~~----------------------

I<EWIND 7 
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P PIT 6\'10 
ens M:l,lOQ 

R E ~ n 7 r :,.~ , I H E-~o---------- ----- --------------···-·- --·----· 

!F(!HC:~il{ll,f;J,6!-1$TOP I GC TO 6 
READ ?"::' , !D ( ~~ l, I 02, l C:?, ( COr\TPL { M, I-ll), ML ==l, 6 I -.IFORilC--------·-------
~ ~ P T S = ( C:: ';T ~ L { •;, , : l- C C: /\ T R l ( M , ? l l I { C 0 ~H R l ( M , 3 l I 10 

--------.nTI1ir~~;,-:-r-."-~T:5'T·T- fil-ib (';::T,-;:-:~-. -----------------------
P r; I 'J T f-:::: l , I J ( 11 I , l D 2 , I 'J 3 1 ( C C N T R l { 11 , M l l , ·~ l = 1 , 6 ) 
IF= I FJ ;:'\! r...:·~ ------ - ----· ------ --·· ·---- ---·····------·-··· --
!F(IFI 1,2,3 

1----- ? E t.:J ·- 7 02 , (A (..; ;-rr-;T=-1 ~-NP g I 
GO TO 4 

3 I<FfiD 7~4,(A ~I.Il 
--4----- R E AO 7 '5--

'5 CCNT PJUE 6 --------- T G T t ~ u 'A =·~- T" ----------------- -- ---------------------------------~------ -------------

-:::-
7 
___ P R Ir~i 60 2, TOP.:U::-'1-'-4 ------------------------------

CO R I CL R:: 1 ;300 
CD(lCLRl=O 
F p p T I I CL R ) :: Q 
CP~TIICLRI=O -8----con I•iuE ______ _.:: _____ _ 

~ V E.'~ Pi =C • ~ 
-----7-~-. V': t-'-H =-lr) )'.~.1.---------------------------------

RE~D 70:'- ,LGL 
IF t L £ L ( ~ } • t J. ~ HS TJ P-··~--~·c R. CBL (.l-J:··~iE a 6 Ht t\BEC--) c··A(L ___ WRAPUP ____ _ 
PFl~:r 6'4, ll8ll~<t\l ,NN=2,l31 
R E :, D 1l-':- , ( ! C ( t< I l ~ 5 P E C T I K I l I;KC,;-f, 5-i-, CPT l CH,f ;N E-,n 0 

IF{t;srt·-J.'JEo:)J GG TO 7 
--- ------·- -----------------------------------------------

(! ll D (l.l AT H 
Ct.LL SE:OIT 

-------GO TO --7 
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5\..r.f'CL'TII\!= W'.6PUP -c----e: LG sf:""(CLt-.fijc-·cxTT;------------------------------
EI\OflLE 7 

.. RE<ili\D 7 -----------------· ------------------------------ -----------
P<OF IL E 17 

--------·· --~--------·----·-- .. ----------------- ---------------------
PF.\>1 t\':J 17 

---'-----;;(-o-'6L L !:' X I T 
u.o 

------------------------------------------------

SUBRrJTII\F SE~RCH (1\CTINI 
---~((.'.•"[ UC r· < T P.L ICC\ T R'L""-'i-c•~"""-:;'";i-,-:6:---l;--------------------------

([~n,.G:;;c SP Uil ICC 5) ,5P:'C T ( 5 l, !1-.GE'X! 5l,LBL( 13 l 
co:·~!c·~JICIID(lJ:},- --- ·-----·------ _____ .. ____ _ 

C C'' "C ',I P AR M" I 'I P T S, l>iJ 11 , N ":: W i D, CPT I Of~ , T IJ T NU~1 , WV E "1 AX, 1'1 V H1l N 
RFt.L cc~;nt.:;c,v;v~·-·~x.wv<:'-l!N- ------------------ --------------
1 '\ H G [ P I D , I:; :-1 E X: , L R l , S P E C T , T C T 1\U M 

--,6_,J,..,3.---,FtT':(E,"f_f*_Tr-__ -;Tl7TT;>i--'J,pCCfRiJ'1->i-;T4-;-*IS NOt------rN"'MEMORY*"'» ----------
CO 101 l =1,5 

----- - I N!JE X( (i ;;7!-------------------------
((11; T I NUE,.__ ________ _ 
! LG: 1 --

-----:-: ~+E~T'J c_· ·::-c::'.-4""Hc;-;-L"'c""o-;-;~·~-.r'~-'-,-I'=-l.---------------------------
r F { C? 7 ! C ~., ~ ~, !. .-~ ~ ~ ~: 0 ) I L 0 = ~ 

------·-- IF (CPT I:J 0:41 EC. -+H'~JL- T l I tJ I~-(------~-------

! F ( C'" T lC ~·. [ 2, 4 H \!': C: 'J, CD • CPT l 0 N • E C. 4 H S C C 0 I 1 H! = 3 
l F ( C P T l'l N, i: :; , 4 rl F G C D , C R , C P T !UN , E Q , 4 H ? S CD , 0 R , C P T I ml • E C-. 4 HEM ctn '1 H r:-t; --
C C ! r~ !.. I - ! l S , 1 ri ! 

-----: :Ti-:-i_ -~:-;~-:-.\ \j-:-(;.'-fTt~ e:;;. 4\:i·s-CcC:Ico-1 o 1') 4 
i F f i , c C, t, , ~ .\:;, V :: C T r I l , c ::, C C•O .~ J G 0 T 0 ! 0 5 

------------ I i- { S Pt CT ( I ~ • E..J·: r·. i·C c~. C'., 5? E C T ( 1 ) ~ (. T ~-·..:: 999) ·c;o··-lo-·10 2 
OrE': 1\=!,TCT~J-"' 

----- --- -- ! c r so: C T( I J ~ E~ ~ !D-( I\ tT GO-T G T63--
F-~ UJ\T!~;•JE 

------------

lC:2 ___ :Ji:Tir6:3',-:S:-P""""E""C"T7l'I'l---------·------·--------------
H.~T!~<=l 

------ - FE TU Rt.f-------------------------------------------

lC.? PDEX( II :N 
-· ----------(l,,'H l'WE 

!F(.,;\/:"~X.GT,CO'-;T;-L(NU'1 ,~11 )\VF.H6X=CONTKL!I\U'1,ll 
----··- -·~- 1 F ( ~ V E '~1 f\.-L To (Q,~ii~~: L ( f'.\JW t 2 t} ... V E ·~IN-: CONTRL ( f\U'1'r'.2l-----·-~·---------·--

PETURN 
ENt)- -- --------------------------------------
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J=I!\Ot:xCu 
K~INOEX!21 
L= U;O::O X( 3f ____ _ 

~>'=t.'WEX!41 
--- ---! t= f CPT lJ~~.-E~~-4-HCclfK la-rb-i.5 

IF (CPT lOt-~. E:J, 4HvUL T I GC TC 20 
-------,I~F,_t'-C·?rTf.-.'::To~-4 W:Jl r F I G C T C~2~5;;----------------------

lFICPTJr:l,. [Q,4f-'FlEXI GC TO 30 
---- IF I CPT IC '\• E'~. -iH~U.\1\)-GC -,C-30 __ _ 

c 
c 
c 

[r ( ('OT p_;~\. E~. 4Hf:'C~) VC TC 40 
IF! CPT I'Jr~. :::~. 4H~~CDJ GC -TG 55 ___________ _ 

lF(CPfiG"-:.EQ.4HSCCD• GC TO 60 PET URN ~ --·-·---------·- ----------------------.-------.... ---------------

-T~r-- c c:·-:-7 -T=_l._f~p T S----
CDill~ACJ,II 

-r7·----- CONTl-'-JUt·- ~-------------------

[ 

c 
?" J;: < c r:·f. r:cr;·J, ·-c-f rr-;r~,----------------------

IFtctz•.E::.J.:JJ C!Zl-l.v en 2 2 I= 1, NPT S --- -------·-------·--· 

CDI!J=(CilJ/C(21 l*A(J,fl 
2 2 --a;r;r r··!DE .;_-------------------------

GC TC 64 

800/S~ETF.\CT T~O SPECTRA 

26 

c 
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r ,, CG~PUf[ FLUCRES:E~CE EXCITATIO~ PROFILES OR QU~NTU~ YIELDS 
-~~~~------------

3C P:ICI?t.E0.01 CIZt-1.0 
------- CG 31 Jo: ~. 1\PT 5---------------------------------

JJ=CC'~ Tf". l ( J ,ll-W v:P•\ HI 
K K · C C'; r:: L ( K , 1 l-ri 1/ E ~1 A .'( j: l 
.H; = ,\ ( r , v. :< ) ~- C r ;~ TF l I K, 5 l I C 0"1 T R l ( K , 6 ) 

---- (i;-';(~i; f·~ IC ( 2 I 
FCDRP- !F·.0~t(A[lSCM*CilH 

------- EXP ==-A BSC~-<~C 13)------- ·-'---------------------------

Sll T =I 1. :1.-!C.~~~EXPI 
--~~---IF (CPT IC:~<~-E :e--+!--.1 l.EX-1-Si I r~ 1.0 
"""---,-,,.,-C;c.,~ I ! I= A ( .J, J J l • (::; C\ T R l !J, '51/ C CNT R ll J, 6 ll "' ( FCO R R I SLIT) 
3 ~ cc:~ r rt~u:; 

CG TC 64 ·:-·----···---
c t\CP"lALIZ~ SPECT!!l TO S"ECTI21 AT 1-1AVELENGTH Ctll -[----------------·---·--------·- ------------
'.1':1 11\oAVE'=IICC'~T;:.L(J,l l-Cilll/ICCNTRL(J,3l/l0.)14-l I F ( 4 ( J , 'J ;, t. V;: l , E;; , ; 'l R F TURN -=-'-'-'....:........:....;...:._....:....:;.:;...;;...;...;.._.;.._ ____ , ________ _ 

0 l>f'R ~ · ( t. !K, ~-.; t. vEl* CO "J T R l! K, 5 I I CO "'T R L I K, 61 Ill A I J, N.; AVE 1 *CON fRl t J, 5 I 
---i/CC~; T ;;:(.( -J~-61-1 

CC ::4 l=!,I,PTS 
------- -j J~ r c; rR L 1 T;-n~,.;;v-t: i.1t.. x .. I 

(' :' ' ! l"'::; '; C F ·~"' t I J, J J l * ( CC \' T R ll J, 5 1/CGrH RL ( .J, 61 I 
3-~-co~-:-j:.-~·;mc ·---'----------------

GC rc 64 c.-------------
c CCI~OU .. E PATIO OF r,..c SPECTRA 

35 cc =~ r~!.~ors 
J J =C: t•;r;;T(-J,...:,,l"'l:-_-,-:V-;;!:~I"'~.;l,..-::-x7+-'I ---------------------------
'\K=CC'~TF·t (K,ll-~VE"'A;oi 

----~- ·-A j =~ t J ; iJ, ~c c~~ r~ L (J-;-s j lttit--rt P-c.-r:r;6T-· 
AI:: t.IK ,K K l"'CO'iFcl I K,; l /C:JNiRL ( K, 61 ------- IF t:. K. E;:. 0 l' AK·:.') • C (' )1 c:...:.._:_...:.....:. ___________________ _ 

C:JI!l=AJ/AK 
: 6 ---cc""c""'.,.., n " u 

GO TO 64 c:---------
~---~_§_T_C!_I\_T_A_F_OR FOCD, PSCC, ANO_E_f'_C_D ____________________ _ 

-t(' CC 5~"· I- 1, r\PT S 
J J = C [\ f"'"' -:-L.-( ...,..J -, '""1-:-l --n-,V~F.I' A X-+-
K'><:(U' Ti' L ( K, l J-,;v':"A )H 

--- --LL- r ['; re L( L, 1 l- .. -1/E~AX'.;-l---
Sl=AIJ.JJI 

----·- S 2 = ~ ( K , K K f- .. 
S?=Ail ,Ltl 

-----...-r n--:-~:"'~·~.,..:.""O"I-..,..,.o,....-,r"'o~?t'..,..----------------------
rF(G?r:c·;.c:;;.41-<:MCDI GO TO 49 

----- ·r F ( C?T ICN. ~< t,;t.HrDC DT--f'E TUR~r--· --
C 
c----CC~PUft F[lJORP'HGKE-AtJl SCTROPY 
c 

-------"----------------------·-·---
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_____ _,lc...:F. ! \J L!_L_~j 
AK=t,(K,KK) 
•\l=A(I_,lll 
DEL ~'\C~ =,_\K/ 

L_T_.~_._8:C!U_)._L_§_Q_l_Q_4-=:6--:-:--------------------
CO~T~L(K,51/CO~T~LIK.6) 

c.c;:, T'·' L I L, 5 t/CONT_KL I L1.61. ____________________ _: ____ ·--------
;.·.;>~:; Z.S'l>tAL I 

:=XP:\:::~~.C* I-ALI 

----- 0.122.0. 4,7':---;:---------------------------------
46 GELtGA=U,O 

CEL4tA=U.O 
47 t..J~,\ !J ,JJI*'CC1di:'L 

COC=DE LACt,- I AJ/28. S51-DELAEf> ____________ _ 
corr l=:'')o,;.::,.coc 
F P P T ( i ) =- ;:: i' 1 '). C"'" A J I~ 8, 6 5 

-----"""'c""•p P~Zv.:·). :_. * ( DE LAC 4- o·~E.,..L-:-A-:::E-:A-:l:-----------------------

--------~g_J<:__5._0 ________________________ . ____ ··--------------·--· ·-·----------
c 

__ c_ ____ CC!~PU"C.E __ ~V_EKAG E _n,__UC:_R_CFHOF-E ___ A_N !_SOT RO~_V ____________________ _ 
c 
.:.8 CD Ill= !?.fl*'52*S~-S?*Sl-S2'"S311!S2-2.CI*S3+Sl1 

GO TC 50 
c 

--c----c t-li.rC!TE"-i'l:ub~-c iiHof<TA~n so-t"R-Orv- fN-335 fR"E cr f ON--
e 

49 _____ col1l" f':j-:-t5~s z-,:,:s:f.:.::. c\>t.sl • .-53;:. sF sz 1-1Ts z=-z;;-o*-S3+sY& 

CC'' ?_:..~ Tf 8'? L T A E~ SIL(j!'J __ F_J~ JOCD y_~_5 C~'-- !"~"iD __ EMCQ_ ___________ _ 

If' I SP E Cl (t. 1 • !: :J. OC;l_(' _1 ___ (;~ _!Q .. 6_i_ ____________ _ 

51 

c 
C (Cj:~PUTE TCTAL MHSCTR8PY 
c 

J=l"'CEX!ZI ___ _ 

CC 58 !=1,NPTS 
K K =::: o;, rc< L r K ; -! T.:; ti it E i-1 1. x +-1 

-------,-L l - C C'" T~ L ( L, : l- ,J 1/ C: "'"- X~ I ,---,,.,-----------------------
!FT:.TL,LLl.-:;t'.-:::.0}\ffll GO TO 57 
C:Jtll=C 
GO T 0 58. --··--------·--------~-· 

57 :'>.K=A(K ,I<.Kl'7CC''T~L(K, 5l/CC"JTRL!K 1 61 
.. :'>.L =~ IL ,i.. I_I"""):O'He L ( lo 5) I CO'~ TRL (L ,61 - ---------·· --··----- -·-·-··--·-----·-···---

c 
-- -c;·---- CCMPUTCD::L ·n,-·r;rsll0"1-f CF-- SCA TT!:RER--------·-·· 

c 
6C' CO 6:; l=!,NPTS 

.. ! j ~- C C.'·J ~ ~-:-LC..,(:-,:-, ,'""'1:-:-l --,-:-1 y-=-c~~..· ~ !\ :< + I 
Ll=CcrJn L!L ,l)- . .fVEI-'4X+I 

---~---- .. IF t .'1 fl .. oiL). GE~-C~-0..'!0 )1 ,-·G-0-fif-62---·--· 
CD I I !·- 0 

---------- GG. TC 63---------------. 

?.'XP".B= 1:"~.0~>rt!.L 
------· c cc :z ~L-:t,\ e:·xr Aa-T·:-~--i-.v:_A_)_;_i_l_4~-3-2-~*TTt-~P-A.8-l "o-•-=2 ~ 3-t.-3iAIT) 

~,o -------- --------
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-------------
SL''l~C 1.1TH;E TITLES (J,K 1 L9 MI 

----:cc~~vc~i i../.t.Ti-j·:,:; CT,---- :..;._.:----------------------------
cc~~~·c •; IC ['I CD! ; 0:• l , f' P R T I 3C' ~ l , C P P T U •.lO l 
CC'I''(';/C C! TRL /CClNTPL!! 01, c 1 ----·- -----

CC~'~!;IUC S~ U;L IC! 5 l, SPEC T i 5 l t I NCEX{ 5 I, LBU 13!'-----------
C U' v, C '; If n II D t ~ O;' I - - . - . - - - . 

-------'CC_c·:•J.c~; I~ V :::;.;~:-~ .T~;:'J~!:--1\'t~ ~Q!..~__P_T !_o'>l, TOTNU'l,l'I'/E'.!AX, ~-Plt!1 !N __________ _ 
I':E~L ~tLv,(u.,TRL,--.,,..V:f.I-'IX,r>Vcl>'ll'\ 

l'.'Tf'G:'R rJ,P!::lEX:,LOL,SP::OC1,TCTf\UI.1 
625 FCR~nt" "• It.-,:. IS ~;!4,>~< X (~¥,El0-;4~-*/*-;-El0~;;;-~)*l 
c 3 J ____ F :J t:' ~-~ ~ T(" _": , l!. , " I:; ,; ,! '• , * 1- ( * , E 1 1, 4 , * I * , E l 0 • 4, * I X *, J!d 
65;) fCR.'·'t.l I" *• !4,* lS FL:JC'\OPHJRE- A.N!SOTROPYIX10~·0) FRCi~ FOCD:,--~-,14, 

$*,CD-=- "•!4,~, Hn .\£S= "'.141 -----
-:-6-::-5-::-l---,F""C~··~t.Tt» '*,14,* IS t.v:qGE FLUC::::CPHOR.E ArilSCT:<.CP'J'~XlC'C'C'I FRC!·' Mil$ 

l>CTRC:Pl'" *• l4t"'l p:fi·O t.'1ISOTROPr' *,!4,*, A~<iJ Pr.I"SO AN!SOf!l.GPY"' * -----·- i • l 4 ) - ---- --- - -----·--.- . - --- -- .. --------·--·---· .. ---- ·------------- '------

652 FC~~Ar(~ ~.:~,* IS FLUCRCPHORE ~N!SOfROPY ALO~G 33 DI~ECTION!XIOOO 
------$-1 FF.C~1A~ISOTF~O?Y=-,;;~-!4,>~<, PI-'1_,;-G li.NISOTROPY"' "-.14•*• AND PH!,.90 -AN ___ _ 

S!SCH'OPY:o ~.!41 

-:-6-::5-:3:---"-;F:::-;C;::.cf<'~t.r(* *14 1 * IS FLUORC"rlORE CELT4 EPSILON FRCM FOCO:: >~<,!4, 
~*• CD= *,!4,*, 1\GS= *.14, ... , HiC t.BSF= *.14) 

t:r;----;;---FC R~~ A fct;-;; ~ (:.-;-;;- I SAVER AGCF LlJCR CPHOR E DEL f-AE PSi [CNfPC'I-ANTSOTRO 
~Py *,!4,,., Phi-;: A~!SCTR;';PY= >~<,!4,,., PHI=90 ANISOTROP"t_"_*_t'-"-I--'-4_,_, _____ _ 

-----$ i; :..~:) A 8 SF-=-~; (4 ,--- --------------------- -------

;,<:~ r:-cc,,•t_;f'' •·, !~, ... !5 Ft:ICRSDHf'RC O!:LT!\ fPSILO'I IN 33 O!FECT!CN FK_;:O_M~---
~ i-~.T)cf F.J-r;.,"' " , r ~.,"', PH 1 = .:~'JLoY"<or¥ = -~-; !-4-,*-;--?i-ii-;-9~1-'ATiTscTYi<o? v" "' 
$.!'.,"'•"'•/,~ t.i\0 ~DSF= *.I41 

6~ 6 FCk:• AT ( • "",!:., *- l S T()T AL -AN! SO TR(i:>t !xfoo5Tf:R OM CO-;--,;;~--
1-* .~';D At>S= :~<,14) 

6.57 . F u ... t r c '-'- ,; , ! ~ ~ ::.-- (S -·s-c ~ T TE R-E'R- DE Cr\- ;:p s ICON -F .c:.dtCF o·c;::;-;--~-;-!~--· 
!,* :·~~;o .:~.s-- k,l4• 

-:6-:f.::--, ')-~F""C""~ .. -;n-f" ,. , I t.,-,-.,--,I,..,s,.......,c"'"'c~-::i~c; 1 E::51'-Luf~ cSCT'Nc~---;:: XC [ffiTtNPRC-F l LE CF *.:-9---
~!4," us;r:c; ".14,>«, PR;:~SLIT PATH *,F8.4,* C:.t"-'1 

f':(;C·--FCR'·~ATt~--,; !4-;*' !S--?R·JPC'\Tlf'JI\AL-TO JUMJTU>~.YlELi)-OF ~-; r4~USTNG >i1 

!-,!4,~, PF.E-St!T P~TH *,F3,4,« cw, SLIT WIDTH "',F8,4,>~< Cl~*l 
-;:.-r:---Fcr..::ATI* *;It..,-,;.-·-ls--,.-,-~4.* r<JiH'ALIZEu-icY *;14;·* ar *;Fe.4--;-*-NX*• 
c c ? F C R "~ T ( * ,. , I 4 , "' IS :t , ·f 4 , * I * , ! 4 I 
tt-4--Fc~-" tT f"' "' , f-4 , * L! S ( rr l G:-,.'-,-:-. __ ....;..,;._..;_ ___________ _ 

6E1 FCR·'~t.f(*+*t::'<THIS*I 
6tll Fc.r<·~:.r ,..,-,.., t4~=- fs·--a--t::.:.,-p-tr<'A;;v-;-fi~us4BTE-FICENLi:~-etR*) 

'3 :? "! F G t< ~-~ t. T ( ! t., , :£ l S "' , I 4 , " X I * , E 1 " , 4 , "' I" , E 1 0 • 4 , * l * l 
s:;') Fu·-::.r(J4,,;·-rs ·,;,l4;*-.--r,.,EH~.4-;• I •.ElC.4,iilt_l_x-.1<;-r4l 
S:5'' FCr>·~t.r(!4,~ IS FL AI\!SC (Xl)('.')) FPC'i FOCO= *.14•*• C::..::.O_=_*...:•:..::..I...c4.:..'-------
---$=!': ,-tJ~J~Rs = -;.:.,It. • 
<;;l FC'<''~T (!4.~ [<, AVG f'l ll'i!SO !Xl0011 FRO"\ FA= *,!4,-., PHIO= *' !4, 

$*; t.';J P H(9J-,;- .*, l.:, i--- ---------.. ------------.. -- .. ---- -·------ -----------------------
352 FCR'·'.H(!4,* IS FL M;!SC 3~ tXlOt-r·l FROM FA,. *.I4,>!<, PH!_O_-_-_:.;r....:,_I_4-"-,-----$'", A~·;J PHI 0(::-.>1<,! ~-~- -------- ------ __ .. ________ -- ·- ·--- -·--· 

9~? FCi:''0(!4," iS FL :Jcl EPS FROM FDCJ::: *.14•*• CO= >~<,(4, 
$"', t5Sc >, !4, *• t·;c; 'I'[f:)F= *,-p;-l 

~54 FCR''~Tf! 4,t• IS t..v:; FL DEL EPS FP.C'-1 FA" *• 14•*• PHIO= *d4, 
---·-$-*_f_ PKI72=-~·;(4~:=.:-; ~t.\0 t.GSF= *,141--·--·----·----------

E:'-5 FOP''H1!4,"' !S FL D"-L EPS 3~ Fi-'0"1 FA" *d4•*• PH!(l: >1<,[4, 
------$*-, P'JI9c;-,-- .. ; •~·=· --Mw-t.-3sr:; -.,-,4-r------:----- _ __;_ _________ _ 
R5c FCR~'l.T(l'••"' lS TCThl AI\ISCTR(PYIX11Cl11 FP01~ CO= *,!4,>1< A.ND A3$= $' 

229 



~I 4 I 

~8.,_5__,7,--~Fr:R~~~~~~'·•'* l5 SC-:.TTEkER DELTA EPSJT:"ONFR0.'1 FOGO., *,!4, 
$* ~~!8 li.jS= *.141 

R6C. FG"~~-\T(!4,* IS CCt\P FCEX PRCFJLE ·oF- >JO; 14-,>i US!UG 'l'd4-;;;.·-;-PRE;:5Cfr ______ _ 
$ P~TH ~,F.9.4,~ C~'*l 

fcl rcn'AT!I4,* IS ';)L~I\TUI~ V'IELD CF ,.;,-14-;->i-USING *,Iit;*,--P-S-CM-·-*-;-·-----
$ F Cat+, i:, St ! r C ~~, F 8., 4 ~ 

--q;--z---T·:C,.·:·:\fT!4-, .. JS •, 7!...:.4.:..,-*--=t---=,c""~,_,,.,.~7·1:-LIZEO TO ~',!4,* 4T *•{'3.4,* l'.iM*I 
Clt3 FG~~' . .I.T(l4,-:< iS *•[4 9 * I *.l4l 

. 864. FCRIIt\T ( !4
9 
* LIST t.'JG*T-----------------···---

C ·e:----srcr<: PE -:uCfs-rr:o·l':-sTriEo 
c 

lfi~EWIO.GT.0SOr) GC TC 300 
----- IF!~~[...; l::-J.L r.- 999.C:R.Ilhi!D. EO~OCC·C'I GlY To-.z-9·9--------------·----------·-

PR!NT 6S! NE~ -----GO TO ~0::,_:__:..: __ ,_:.:...:."'----------------------------------------·----

2<;•; 1\Erii0-(1 
IF!C~P'T~l~u~I~~.~Er~n~-.'4~H''LFC~O~K~I~G~C-vT~0~3~0~3-----------------------------------------------

p P II; T 68 0 
------GC fC--3cl 3.-------------------------
3r~ TCTNU~=TCT~UMtl 

----·--~-·I C ( T G T ~~J ~, f=~J~ ~ Cb -------------
____ CC' '\ T RL ( T CT :~.J'~, ll ~..; vE~A,x __________________________ _ 

-cc~\: f;on -rc:r-;;::;·:~-;-z) =·· ·vE: ~~ r 1\ 
cc ~::l. 1<'.,6 

----·~··-· CC1\-T PL. [ T CTi~-j·~,--ff";CCtJ tRl , .. t\OM-;11---------·-----------------------
CC~~ T l ~lUE 
~o;p T S = ( C( NT RL ( TCT~;jl' ,--!1-.;.tc~;TR L ( TCTNCJM~ 2 i i I ( C ONT RCf TC T I\ OM ;3 tiT0-:1---------
CC -~("'·: I=-:~~JPTS 

-------\ll·J-r·:-u-;;.--;Tf;-c·oTr 1 
;r· 2 U">'; TTiUE 

-- -·--- ---- "-.. r-i~ r o n~-o~ 
c 
c 
c 
c 

;>~ I:)r;- PU:·JCH "Y!TL<:S 
TArEl7 IS THC "CC.\G LETTER FILE" FOR U~HDH:TIF!ED SPECTRA 

lFP~EwiCI.~:;).r'l IDCV=17 
I F { r P T l Ct,. E ;; • 4 1-' ·~ U L T l G C: -T 0 -4 ·3 (') 
!F(:-"DT!Gt,.;:::;,4f·FJlFFl GC TC 4111 
IF (CPT![,~ .. EQ. 4H.\R:OI- GCTC 4C. 3--------------------------
JF(CPTlfj~;.E::;.41-'SCCCl GC TC 404 

----rncr>n-~~~. c,:---,.c:-::u. il:;s-·;~;F'-::-er rc-c4"'1,...,-.r.,,t:~."o00'l~G"""o-.,.rc 4':~-s--------------

IF!~?rtv,.E~ • .:.H.>s:c.t>-;c.sP':'crr.;J.!'.J!:.oooJ• GO ro '•C·6 
- If'! cnr lC •;. [:.;, !•I-'~ ')..: r., t:·;c. So EC T ( 4 l .'JE~ OJO(J l GO TO ·407 ------------------ ---
IFtC~TIJ~.E2s4!-H>S~DI GC TC 4iJ9 
I r { C""1 ~> f 1 C .\ o C ;;; o -=t H; ~ :: [I l G C f 0 '• 0 9 

... -------------- --~--- -·---- ------------------

!I'{CDYI:-:\.E::,t..f<2rcJ GC TO 410 
----Tf'Tc'-' 1 CO:c-;T:;~ii;-T--::·x~C:r-c"'.----,-4'1...-1-·-----------------------

If"tr::?TIJ' .• C:;;;.t..HJIJ~';I GC TO 412 
-·--!F(I::DT!J~'• r::;;.t..H~;cr.I/1-GC TO- 41~ 

!F(C?TirV-:,::~.4w:t.7CJ GC TC 414 

---------

-- --- - IF ( C?T IQ~;. [Q. 4f1LC.":K ~- GC T0-41 ,---------------------------------------

RETUR!'J 

----------------
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_:.'-'-,·-' 4.;...· --'~,_H..llLLli'c£_'{,_c'3_::21-..:_"C;_ wr_!)_LS.." E c_u_u J..LUM-'-! ..._2.::..' __ _ 
P ;; l ~, T 6 2 5, ~; i::,.; l D, S" E C T ( l I 9 C I l J , C I Z l 
RETUPN 

4 Ol ilf R r T E { r DE v-.-8 3:; ,-~~ k j o;s p E c T -(- i-,-; c -(f. 'c ( 2 t , sF-EC ·r-rza-
--- ___ n Ill T 630, t:EriJD 1 V EC TJl I 1 Ct 11 1 C( 21, SPEC U_Zl _______________ _ 

RETURN 

_4:_".:_' ~"-' ----':::-" ~ : H ( ! CE-~~1_{:_1 ~;:' H l ['). ! '1! K I ., !_.:,D~f~l:;_.;_l ---------------------
r ~ l r~ T G5 6, .~J En' I D, lJ \ K l, iD ( l i 

_____ PE TlJfl'~ _______________ _ 

4f''t t.FfT£r!DEV,8571 I\C>i!O,I'11Jt,IDIU 
----- p;; I I; T 6'3 7,_ 'JEri_ LQJJD !)_1_, IOLL_)L_ ________________________ _ 

RET URr~ 
4J5 'Ar 1 T >'( IJ FV, 85; l 1\~"" wJ 0, l')! J l! IDI K I ,ID(l:..,l~:_fD~(!.:I~:_:I ______________ _ 

o;:u;r cs::,'li:'..;ID,l:l!JI, IC!Kl.ID!LJ.ID!Ml 
"ETUR.'J 

-4fT--";; IrE ( 6F.v-:s-54_l_ ~.~ ::.x o-; I :Jc j-.--;Toli<I;ToTt.I;To-( M I 
____ Pk l NT .. 6'i_!t ,_'Jf_',.l_l Q_,_l.J_!jJ ,_ID!I<,)_!JDJ_L,JdQ! N.~~--

~ETUR~ 
4" 7 1<1 f::_(l_f ( [ Cl f:V.....L~-2..5.1__1,:; ;;J_Q_,_l2j_~ I , 1 D,_{!.e!<.:..!..l.r...;,l--"0~{--!ol~I~I!-'0~! !.!M_,I ______________ _ 

PRINT 65S,~;[.;ID,!8(Jl,I01Kl,JD!Litl0(1·1i 

RETURN 
4f-E--;,.R-{T E (f6E\I;O-~: ,.; Co-;!D-1 J 1, !D (K I, IOl U 

____ P ~I 1! T _ 65.!, ~_iE~ I D _. lil_ill_!_l __ Q. ~J d_D_!.~l:.cl~--------------------
~E TUi<~; 

"~ l 1' ~ ( i::; t II , o ')? I I,: ,.; l !I, I ) { J l , I 0 I~K~I !..' _:.l.::;D.:.!.::l:..;l:__ ________________ _ 
p ;-: .;r---:~s·z--,f:t-;;-Ti5-;!..,TJT;fci~<l~ft, ~., 

4( 9. 

REru:;:~ 

41o-- "R IT E C HJ Eif ;-8 s· ii ~,i;: w I o-.-ID'fJ 1;-1 ci fi<T;To ( U 
_______ PR! t:T 65~_. ~-E!<_! O,I_J_(_J 1.!.lQ£!<_~!_Il2.l_l_l ______________ _., 

~:;: T J;<IJ 
4!! ,.:;. ~1>:! DEv,!J-',:"-1 ~F .. ;J:J, l'JIJt, !D!X!,Cill 
---PTT!:T-66-:~;~"C--;:;-T~iS~(:ftKT;'C! 11 

RETURN 
4!2 ___ ... R IT: 1 r:5-f'~';-36fll;: ;.;To-;-T8TJT-;·rolYJ;'t-n:G"cT3) 

P f:- l ~- T b6_~-'- ~_E_h __ ~ ::1, __!_'~_!_ J_l_,_ !_?__( _!<_ l.!_f_(_l.J_,_C._:C:_:3::_:l:__ ____________________ _ 
- '<c TURrj 

41 3 ,.; ~ I HI l D Ev, 116 2 l r;c: w I o, D:..:I~J~l !..' .;_.I.:::;D-;I_:;K:..:I:...!':..:C:::.!-1 :..l.:.l __________________ _ 
?f.! ':T 66 2tr;E;.. 10, L5TJJ;l;j ll<.l, C l ll 
i<E1'U:(IJ 

!, 14--. 1-i ~IrE! i0 cl;:-f)C:ffl'ir: w lri-;- I; fJT;To·i k l 
PRJt.'T t.S?,r;E\.'!0 I (J), lJ(K) 
i< E Tl'P 'l ----

425 ;.;F:TEfl:JEv,e64l ID!JI 
_::;_.,;;._ __ ::>;:'n;·r-66 t., 1 o 1 J > 

;; !: T U~li 

ENO 

---------------------------- ------------------
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____ S U~_:_c..'JJJ.._i\E__.SELU ___ ,---,------------
c c· v'·· r ~, 1 c o 1 c iJ t :: 0 ~ , , ~= P P r 1 : (I,) ' , c P R r t ; o o 1 
C C'\ '\ C 'J/C C; T" l I Cm; T R l ( ! tD, ~ I 
c c ·~ ·~r·J 1c so uJLI c 1 s, • s Pr: cr ( s , • 1 i~c E:x c-si-:L au 1 3, 
C C ~~ ·"G'' I P 41.' ~'I/ :i P T S, ~'L"·I r :'\ E h' l 0, C P Tl 0'~ ,_TC fN:J~ , W V E 'II\ X ,_WV_~c I!'! 
R ': A L (. C, CG 'iT f: L , C , n' v E '1 A X, .; v E .'1 f N 

____ l'-'t;FGEF l~l,! ~;:-;r:x, L f'L, S >'EC T, TCH:UM 
~~E~L 'ri!.'/E{ ::~:---J 

672 fC~~lT{* ~,~A~ISCTrSPY CO~P0~E~T A~ALYSIS OF •,I4l 
t73 FOR~AT(ero ,l5X 9 3I.LA~SCA•,3X,*FDCO P~RT• 1 4X,oCD PART*rbXIriJ 
6 7 4_ F G ~ ~· f. T ( ~ f.- X , :! ( F 6 • ~ , ? X , F S • <; , 3 X , F 9 • 5 , ') '1, I I 
c. 1 r; F c ;; ~~ ~ r t ., :~·,. , ; 1 : s J: , ~· :. A v f\ c •\ " , s x , ~ RE ill 1 ~iG -:i-; 2-~-;-. n 
6 7 (: F G f·~ '' ~ T I~ X, 3 { ~ 5 X ,_i:._0_!_L!.1_~_. F 1._2~ • .::.5..!.1...!1 _____________________ ~-
677 FUf::l'f.Ti"' *•*SP::CP.U'.! *.141 
.t: 7 ~9 ·- _ F C R .'·~ ~ T f :e : * t ! Z ll6 ) 
e 7 s r c c: ~~ :. r 1 r 4 , (, x , .:. c F-8-~ ·s ,- 2-x -~-; E-1-3·:-.::--;-2 -x~ 'EY3-.-6-,1x , I 1 1 

.:7 _c ____ FORt' .\T (1 CF a. 41 _ -------------------------
2 7 7 F C p: t T il 0 F 8 •::; I 
878 F0~~1TilAF8.?l 

87S FGR~AT(·E~D OF *,!4,* F~OCESS DECK*I 
c 
c 
c 

p u :,;c H ' p R~T-;-.HJ c PLCTffE s ULT s 

ICEV:7 
---~~ f u: c ... ! ~ , ~" :=. " 1 1 c.=-::-"v~=-'1~7:._ _________ _ 

(os5--r-;!-;•;-? r s 
l F I C C I I I • l T • -9 9'7 • <; • n R , CD ( I l , G T , 9 9 9 9 • 9 I ! F 0 R 'H"' 2 60--- CO~T!~lUE ___ -- -- --- -- -----. ----------------""---------

cr 81 l.,!,NPTS 
---· - r F 1 c ,;( r,·;L r. -.:99-;-9-:-o-R: C'5T!T~c;r:s99;91---fF: c:l8i4-r= 1 
91 cr:;r:"·,y:: 
~~--'---·--

! F ( l c ~ ~ >-: T • t;:: • l • ~ t,) " ! ~ C P 'A T • '~ E • 2 I !~" 0 R ·.n.,. 0 
1-r:- J IE I 18 E'v, 075 l r-,t: w l D, (CO:' TRL !~U",! l, I= 1, 6l, t __ F_Oc.,R_M_f _________ _ 
!Fz !FOR·~T,;;-C ---------- ----·------------

!>( !FI 82, 03,84 
8 2- - - ;. q l TE ! l o E v , 8 7 6 Y!c· :)(TJ , ! = 1 , N P T S I 

GC '10 8" 
-8-!-----~i- l~EI lD-~E~v-.,-8~7~7-l~I~C~C~I~I-1-,~I-=~l-,~N~P0~T~S~l--------------------------------------------

94--
ES 

GC TO 85 
,. :1 r H r rc Ev-; a 7 8 ,--rc on,-;-! =l , "'P fs-J 
., R 1 E: t Ii) E v, 8 7 g I NIC w l D FF!NT -675 _______ _ 



cc rt::: "'~:.~.:prs 

---·-----;-:./Tf~;-;-c::;~, fR.LT'[!J '1 , l 1-=-(Ltffl 1 N -l-r>rct-ffrfiT~~U~3TFl o-."'7~----------
fl6 CO'JT I~JU:: 

I! ~~;PT S/ 3tf----·---------- ·- -----·······-----------· ---------------------·--

CO 87 l·l 9 l! 
J =I t II .. -

-----~-~ f·;j-~ 1 
6 7 6, ..:·A vrrrr;-c15Tll~E'TTi-;ccHJT;-~on;lrElKi , CD I K"l ----------

E7 CC'~H l ~JUE 
iF ( ( P T 1 G ~; ~ >; ~ • .-.-H r ~; :. D • h<-• SP t C f ( 4 i ~ N != • 0 I) I) C I 
PRI~;T 678, ILGLU;t,J ,NN 2,13) 

·----- , P R 1 r; T -6 7 2 r ~~ E W I 0 
PRWT 673 

l i=~:PTS~/~3~+~1~------------------------------------------------·-----------------
CO Be I=l.II 

J-= I 1- I 
K=Jt! -·-----·-----------·-··--·------··-···---

P~l\T 674,W~VEI! J,FPRT( I l,CPPT([ 1,~4VEIJJ,FPRTIJJ,CPPT(Jl 9 
$ wAv:OIKt,rPRT(Kl,CPRT(KI - - ·- ---·--- -------------

----"0_"1 __ -::CCV; T ! 'JUt::~·· -;;;--;-;--;:-;---;-c:-:-:--.:-:-::-:::----;-.::-:--------------------------
8S P;oJi0-6?e, IL3L(~,t\J ,f\N:Z,l31 

PR U~T 67 7, ~JEI'i ID 
--·---·- x·~Ax::cc·~ T~L c t\u~i;-i) 

X I ,'; C " ! C CJ U R L I \ U '~ , : I - C 0 " T R l I N U M • 2 l I /1 0 0 • 0 
---- -- iWICE XI~;( /0 .• 5. ---- ---- --------- ·--· -----~-----------------

!I'=HdCE 
----Tf:(7-;;Ji:-;-f~-, ICc I X I 'IC= :"', 5* t "'t l I 

IS Y~ 1 
-------- CALL- P~/4 Pt f. (~- Av· E ( i .l ~, C t ( i ) , X.i-J A-x.-·.,· X 1 NC~-y MAX ,-y--I Nc--~-<f;(S-i;N·P-tS-i 

RETURN ----···-E' 1\ j ... ··-------··--------------- ·------- ------
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5. Control Deck for Running PREPARE and SMOOTHS in Tandem 

RUNCD.7,200,100000.448402 
*~!OSTAGE 

FETCHPS,CDLIB,LGO,PREPARE 
LIBCOPY,CDLI3,TAPE5/BR,OATA. 

· LINK,X,PP=[TAPE5,0UTPUT,CONTROL]. 
DELETE,TAPE5,LGO. 
COPY,OUTPUT/RB,ORXR,TAPE6/BR. 
OISPOSE,TAPE6=PR,HO,DT-=I. 
STOTAPE,TAPE30=/NELSONJW/KSD/OATA/PREPARE/DATASET,l0515. 
FETCHPS,CDLIB,LGO,SMOOTHS. 
LINK, X, PP= [TAPE30 ,OUTPUT, PUNCH] . 
DELETE,TAPElO,TAPE30,LGO. 
DISPOSE,OUTPUT=PR,DT=I. 
END. 

6. Conversion of a Spectrum 

A) The spectrum as printed ~y the -G- option of Super Spectrum. 

RUN ID OOOOSTKD 
00 = O.lOOOOOE+Ol 
E = O.lOOOOOE+Ol 

L At·18 0,1\ ( A) 
4000 
3900 
3800 
3700 
3600 
3500 
3400 
3300 
3200 
3100 
3000 
2900 
2800 
2700 
2600 
2500 
2400 
2300 
2200 
2100 

RAt~ DATA 
.0000 
. 1999 
.3999 
.5999 
.7999 
.9999 

1.1999 
l. 3999 
1 . 5999 

.0999 

.0999 
l . 5999 
l . 3999 
1 .1 999 

.9999 

.7999 

. s·999 

.3999 

. 1999 

.0000 
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B) The spectrum as represented internally in the PDP/BE by Super 

Spectrum during transmission. 

All numbers are octal. 

Locations give data field in first digit, address in remaining 

digits, e.g. 12002 is location 2002 of data field 1. 

Location 

14000 
1401 0 
14020 

Location 

15740 
15750 
15760 
15770 

Contents .... Data Points 

0000 0310 0620 1130 1440 1750 2260 2570 
3100 0144 0144 3100 2570 2260 1750 1440 
1130 0620 0310 0000 0000 0000 0000 0000 

Contents .... Spectrum Parameters 

0000 0000 0260 0260 0260 0260 0323 0324 
0313 0304 0000 7640 0310 7634 7754 0001 
2000 0000 0001 2000 0000 7767 2030 4467 
0000 0000 0000 0000 0000 0000 0000 0000 

The spe ctrurn ID (ASCII 8-bit characters) 
0 

The starting wavelength (in A, double precision) 

The ending wavelength (in nrn, single precision) 
0 

The increment between po in ts ( in A, single precision) 

The number of points (negated, single precision) 

The constant OD (floating point) 

The constant E ( fl oa ti ng point) 

The scale (x 0.001) (floating point) 

is at 

is at 

is at 

is at 

i s at 

is at 

is at 

is at 

The data points ( e a c h x 1 0 00 , single precision) are at 

15742+ 

15752+ 

15754 

15755 

15756 

15757+ 

15762+ 

15765+ 

14000+ 

235 



C) The spectrum as typed at the keyboard during transmission and 

stored in PSS. 

This is the input to PREPARE. 

The parameter line is first, followed by rlata line(s). 

OBOOBOOBOOBOOD30D40CBOC4000FAOOC8F9CFEC001400000001400000 
FF741893700000000013D 

OOOOC81902583203E84B05786400640646405784B03E83202581900C8 
000000000000000000104 

There are 25 12-bit numbers represented per 1 ine with a checksum at 

the end. A line is filled in vvith zeroes if there are fewer than 25 

numbers to send. 

Hexadecimal to Binary Conversion 

0 = 0000 4 = Ol 00 8 = 1 000 c = 1100 
l = 0001 5 = 01 01 9 = l 001 D = 1101 
2 = 0010 6 = 0110 /\::: 1010 E = 1110 
3 = 0011 7 = 0111 B = 1011 F = 1111 

Sample Conversion for ID Characters K and D 

K = 0 3 3 in 8-bit ASCII 

000 011 001 011 in binary 

0000 11 00 1011 in binary 

0 c B in hexadecimal 

D = 0 3 0 4 in 8-bit ASCII 

000 011 000 100 in binary 

0000 1100 0100 in binary 

0 c 4 in hexadecimal 

These are found in the first line above, starting with the 19th 

character. 
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D) The spectrum as writt2n on TAPE30 by PREPARE after conversion. 

This is the input to SfiOOTHS. 

OOOOSTKD 400.00 200.00 10.00 1. 000 1.000 0.001000 20 

0 200 400 600 8001000120014001600 100 1001600140012001000 800 600 
400 200 0 

E) The spectrum as punched by SMOOTHS. 

Punch raw data option is on, smoothing is off. 

OOOOSTKD 400.000 200.000 100.000 
O.lOOOOOE+01 0 

1.000 0.100000E+01 

.0000 .2000 .4000 .6000 .8000 l .0000 1.2000 1.4000 
1. 6000 . 1000 

.1000 1.6000 1.4000 1.2000 1.0000 .8000 .6000 .4000 

. 2000 . 0000 

END OF 0000 SMOOTHS DECK 
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Appendix D 

DNA/ETHIDIUM ION COMPLEX CHARGE DENSITY 

0 
1/ Ethidium ion is 3.4 A thick and carries a +1 charge. 

0 
8 form DNA in the absence of dye binding is 3.4 A long per 

base pair. Each base pair contains hvo phosphate groups, 

each with a -1 charge. 

2/ Assume nearest neighbor exclusion model. Then, for a DNA 

helix 2n base pairs long there are 4n phosphate groups but 

only n binding sites. Each binding site is composed of 2 

nucleotide units per strand. 

3/ Binding site states are: 
0 

Empty 2 base pairs = 6.8 A long 

4 phosphates = -4 net charge 
0 

Occupied 2 base pairs + dye = 10.2 A long 

4 phosphates + dye = -3 net charge 

4/ Use r, the extent of binding, to follow titration. 

r = ethidium ion bound/DNA (as phosphate) 

= k/4n, where k =number of bound dyes 

r = 0.25 in neighbor exclusion limit max 

5/ b = distance/charge = 

[6.8(n- k) + l0.2(k)]/[4(n- k) + 3(k)] 

Combine (l) and (2) to eliminate k, 

then b = 1.7[1 + 3r/(l- r)] 

The l/(1 - r) dependence was previously found for DNA 

titration by acids by Record et al. (1976). 

(l) 

(2) 

?C!O 
,_~u 




